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 ABSTRACT 
 
Gaining traction or momentum in the conceptual design phase for a complex system can be an 
arduous and daunting process, whether the complex system being designed is a satellite, 
airplane, car, or one of countless other systems.  The design of small satellites is particularly 
affected by the difficulties in gaining traction since most of the customized tools that exist are 
proprietary, a significant experience base is required to be able to perform system level design 
trades, and the issue that most satellites serve one-of-a-kind applications.  Of the subsystems in 
a satellite, the structures subsystem (along with other “downstream” subsystems, such as 
power and thermal), tends to be less mature during the conceptual design phase since its 
design depends strongly on the particular designs and requirements of each of the other 
subsystems, which also take time to mature. 
The Conceptual Phase Structural Design Tool for Microsatellites (SDT) facilitates the 
development of potential small satellite structural architectures and the selection of an initial 
satellite architecture to use in the detailed design process.  The tool is capable of evaluating the 
strength, stiffness, mass, and inertial properties of a satellite architecture and is customizable 
to a wide range of potential missions by allowing for a number of structural architectures and 
customizable component placement.  Furthermore, the tool has been developed with two key 
niches in mind.  First, it is available to students with little to no satellite design experience, thus 
enabling a greater number of people, including those who are unfamiliar with the process of 
structural design at the beginning of the program, to design higher quality spacecraft from the 
start.  Second, it is open source and deployable in a state that is usable and customizable by 
members of the satellite design industry. 
Thesis Supervisor: David W. Miller 
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Chapter 1 Introduction  
 
1.1  Problem Statement 
The purpose of the Conceptual Phase Structural Design Tool for Microsatellites (SDT) is to 
facilitate the development of potential small satellite structural architectures and selection of 
an initial architecture for the detailed design process, where an architecture is defined as an 
arrangement of plates and components that represents a satellite.  The tool should also be 
capable of evaluating the strength, stiffness, mass, and inertial properties of a satellite 
architecture.  Furthermore, it should be customizable to a wide range of potential missions by 
allowing for a number of structural architectures and customizable component placement.  The 
tool should be developed with two key niches in mind.  First, it should be available to students 
with little to no satellite design experience, thus enabling a greater number of people, including 
those who are unfamiliar with the process of structural design at the beginning of the program, 
to design higher quality spacecraft from the start.  Second, it should be open source and be 
deployable in a state that is usable and customizable by members of the satellite design 
industry. 
 
1.2  Thesis Motivation 
Gaining traction and momentum in the conceptual design phase for a complex system can be 
an arduous and daunting process, whether the complex system being designed is a satellite, 
airplane, car, or one of countless other systems.  Being able to effectively design innovative 
structures that will function and excel in the marketplace requires extensive trade studies and 
design work for all components of the complex system.  It is necessary to examine all the 
options and ensure that not only will each of the components function, but that they will be 
able to interface properly, all within a specified timeline to deliver the product.  In order to 
facilitate this process, the solution is usually to utilize rules-of-thumb, legacy components, and 
customized tools.  The more cutting edge a technology and system is, however, the more 
difficult it is to apply rules-of-thumb and legacy components and the more improbable it is that 
customized tools exist, particularly those that are not proprietary. 
The design of small satellites is particularly affected by these problems since most of the 
customized tools that exist are proprietary, a significant experience base is required to be able 
to perform system level design trades, and most satellites serve one-of-a-kind applications.  
Requirements are often fluid in the conceptual design phase and there are a wide variety of 
components, from Commercial-Off-the-Shelf (COTS) to custom, which could potentially be used 
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to meet mission objectives.  The cost of delivering payloads to orbit also places significant 
limitations on mass allowance and risk tolerance. 
Of the subsystems in a satellite, the structures subsystem (along with other “downstream” 
subsystems, such as power and thermal), tends to be less mature during the conceptual design 
phase since its design depends strongly on the designs and requirements of each of the other 
subsystems.  Particularly for people who have limited or no experience with the overall satellite 
design process, it can be very challenging for the structures team to gain traction.  Similarly, it 
can be difficult for the systems team to know how much mass to allocate to the structures 
team and how they can advise other subteams regarding the placement of their components 
on the satellite.  As such, the primary target group for the Structural Design Tool is students, 
who have limited or no experience in satellite design and, in many cases, in design at all, so 
such a tool that could support their efforts in creating a basic design would be extremely 
helpful.  In particular, the SDT can be effective in satellite design-and-build classes, where 
students need to design a satellite from scratch and require specific guides and a specific 
framework in order to gain traction.  An example of ones of these classes is MIT’s 3-semester 
16.83x, which operates under the Conceive, Design, Implement, Operate mentality where 
students are able to not only perform conceptual and then detailed design, but are also able to 
build and test the satellite design (MIT). 
It should be noted that this framework is particularly applicable to the small satellite industry 
since small satellites tend to utilize a relatively simple bus design that can be easily modeled by 
the tool.  As discussed in later chapters, the tool currently supports a number of relatively 
ubiquitous designs, but does not readily support the more complicated structures that are used 
by larger, more expensive satellites, such as those used by the military and communications 
sectors.  In order to save cost and mitigate risk, small satellite busses, by contrast, tend to 
exhibit regular polygons in box-like structures.  Furthermore, a particular school, lab, or small 
satellite company will often re-use the same bus design for many satellite programs. 
As a result, this thesis serves to provide a tool that is capable of performing exactly these 
functions.  The SDT should not only be capable of performing initial analysis on satellite designs, 
but should also be capable of recommending potential structural architectures and be 
customizable to meet the needs of the particular mission.  Furthermore, the tool should be able 
to facilitate the choice among an array of potential architectures.  It should never, however, be 
used alone as a black box, but instead should be verified against hand calculations, and, 
eventually, other finite element models. 
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1.3  Design and Analysis Options 
The purpose of this section is to reference the options available for small satellite designers and 
analysts.  In almost all cases, multiple options should be used, but the use of an integrated 
design tool, such as the object of this thesis, can be very useful for integrating the design and 
analysis.  Although most architectural decision making is performed by experts at companies 
using customized and proprietary tools, it should be noted that there are some other open-
source, non-proprietary structural design tools and frameworks that are available.  The SDT, 
however, is the only one found by the author that is customized for small satellite structural 
and architectural design. 
To provide a sampling of other efforts being made to simplify and integrate the satellite design 
of satellites, a couple of other tools are presented here.  System Engineering Design Tool (SEDT) 
is a tool that has been developed to perform system and subsystem level analysis of small 
satellites (Chang, Hwang and Kang).  The SEDT process involves design and modeling of each of 
the subsystems of a particular satellite.  OpenSAT and SatBuilder take a different approach by 
providing a framework for satellite design and analysis rather than creating specific tools 
(Santangelo).  The OpenSat/SatBuilder framework serves to integrate a wide array of tools used 
for satellite design, from Satellite Toolkit (STK) to Matlab to Nastran to Computer Aided Design 
(CAD). 
Besides the use of integrated design tools, options that are available to engineers for satellite 
design are: 
• Published rule-of-thumb books and documents, such as Space Mission Analysis and 
Design (SMAD) (Larson and Wertz) 
• Legacy spacecraft (either from the same lab/company or others) 
• Evaluating many different potential architectures through design/analysis (which can be 
very time consuming) 
• CAD tools for visualization, integration, and drawing creation 
Besides the use of integrated design tools, options that are available to engineers for evaluation 
of satellite designs are: 
• Hand calculations from first principles (this point should always be done) 
• Commercial Finite Element Analysis (FEA) solvers (licenses of which can be pricey) 
• Open Source FEA solvers (accuracy of which should be evaluated carefully) 
• Customized FEA solvers (often found at large companies) 
Although it is clear that an integrated design and modeling tool as described by this thesis 
cannot and should not be used in isolation, it can be a powerful tool when supported by hand 
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calculations for verification and more standard FEA solvers (the type used depends widely on 
application and this is described further in section 2.5 ) for detailed design. 
 
1.4  Thesis Overview 
The layout of this thesis is to take the reader from an understanding of small satellite design 
and the problem at hand through the development of the theory behind the tool to the usage 
of the tool itself and what future work is recommended. 
For those reading this thesis in order to learn how to use the Structural Design Tool, the two 
sections are recommended as being most appropriate: 
• Chapter 2: The purpose of this chapter is to provide an understanding of structural 
design of small satellites to a non-expert. 
• Appendix A: The purpose of this chapter is to provide a detailed description of the 
Structural Design Tool’s Graphical User Interface. 
The overall flow of the thesis is as follows:  
Chapter 2 focuses on the background behind the tool, explaining the design of small satellites, 
structural design, and structural analysis options and architecture.  From this chapter, the 
reader should have an understanding of the framework on which the tool is based. 
Chapter 3 describes the architecture of the structural design tool itself.  It begins by describing 
the purpose and inputs/outputs and closes with model verification/validation and performance 
characteristics. 
Chapter 4 describes some of the key components of the structural design tool.  Architecture 
selection, plate design, topological optimization, and bracketing creation are all modules that 
have been developed for the tool, and are described here. 
Chapter 5 described the verification and validation of the tool, including beta testing and case 
studies.  It also describes some of the performance testing that was done. 
Chapter 6 summarizes the thesis and its contributions and provides a list of recommended 
future work for the tool. 
The User’s Guide for the tool is provided as an Appendix.  It walks a user through each of the 
tabs and describes what should be done in order to use the tool.  It is meant to be used as a 
standalone chapter, in that someone could use the tool without needing to read the rest of the 
thesis.  
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Chapter 2 Background 
 
This chapter will discuss the basics of small satellite structural design.  Although it provides the 
background and framing necessary for the rest of the thesis, it is also meant to be used 
independently as a guide to small satellite structural design. 
The chapter will begin by discussing the requirements that drive the design of small satellites, 
which will lead into a discussion of typical components and their necessary interfaces with the 
structure.  Knowing now what a satellite structure needs to do, the discussion will progress to 
describe what materials are used in small satellite structures and what interfaces small 
satellites must respect to integrate with the launch vehicle.  The chapter will finish with a 
discussion of the finite element method and meshing of finite elements. 
 
2.1  Small Satellite Structural Requirements 
Since this thesis focuses on satellites that are delivered to orbit as secondary payloads, the 
structural requirements that the tool uses are catered to those specifications.  It should be 
noted that validating a primary payload (a much larger spacecraft) is a much different 
procedure than validating a secondary payload.  A primary payload will almost always undergo 
coupled loads analysis (CLA) with the launch vehicle in order to determine if it is able to 
withstand the launch environment.  However, for the reasons below, secondary payloads are 
often unable to undergo similar analysis: 
• Uncertainty of launch vehicle to be used 
• Uncertainty of other vehicles that will fly with the secondary payload 
• Secondary payloads are often provided by organizations or groups who lack the ability 
to perform significant analysis 
• Secondary payloads are often required to comply with much more stringent 
requirements due to the risk averse attitude of the primary payload 
As a result, secondary payloads are usually subjected to highly conservative, but much simpler 
analysis and test campaigns.  Instead of CLA, which aims to analyze and validate the dynamic 
nature of the satellite and launch vehicle, this “surrogate” analysis aims to conservatively 
envelope all dynamic cases through static and stiffness analysis and test. 
Although many different options for launching secondary payloads are in development, there 
are two primary standards that are in use today, both of which are directly related to specific 
hardware: 
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• Evolved Expendable Launch Vehicle (EELV) Secondary Payload Adapter (ESPA): for 
satellites up to 180 kg (DoD Space Test Program) 
• CubeSat: for satellites up to 1.3 kg and fit within a 10 cm box (The CubeSat Program, 
CalPoly SLO) 
Furthermore, it should be noted that variants of these payload classifications also exist.  For 
example, the Air Force Research Lab sponsors a program called the University Nanosatellite 
Program (UNP) (Directorate), which hosts a competition that conforms to the ESPA standard, 
but applies even more stringent structural requirements.  The requirements of both ESPA and 
UNP are shown in Table 2-1.  The CubeSat standard is not shown since it is based on the GSFC-
STD-7000 standard, which is relatively vague. 
Table 2-1: Overall Structural Requirements 
 ESPA UNP 
First Fundamental Frequency 35 Hz 100 Hz 
Static Loading 10.6 G simultaneous 20 G independent 
Factors of Safety 1.25 2.0 
 
Small satellite hardware is structurally verified using:  
• Sine bursts and random vibration to verify structural integrity 
• Shock tests to verify structural integrity and strength 
• Sine sweeps to verify first fundamental mode 
• Static proof testing to verify load bearing capability 
However, as mentioned above, in order to simplify the design and analysis of small satellites, 
the analysis is limited to the following surrogate loading conditions: 
• Static analysis of each load case 
• Eigenvalue analysis to determine the first few fundamental modes 
As a result, the design tool developed here will support analysis for and provide results for each 
of these two analysis types. 
 
2.2  Typical Satellite Component Structural Interfaces 
The purpose of this section is to reference the components that are typically used in small 
satellites, what their purpose is, and how they should be mounted to a spacecraft.  The primary 
purpose of this section is to describe the other satellite components from the perspective of a 
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satellite structural design engineer; further detail regarding the other subsystems themselves 
should be found in SMAD (Larson and Wertz) or another reference.  The components are 
delineated by the functional subsystem to which they would belong.  The typical subsystems in 
any satellite are as follows (Larson and Wertz): 
• Attitude Determination and Control, otherwise known as Attitude Control System (ACS) 
or Attitude Determination and Control System (ADCS) 
• Telemetry, Tracking, and Command (TT&C), otherwise known as Communications 
• Command and Data Handling (C&DH), otherwise known as Avionics 
• Power 
• Thermal 
• Propulsion 
• Wiring Harness 
• Structures and Mechanisms 
The final subsystem, structures and mechanisms, won’t be discussed here since its design is the 
focus of this thesis.  A summary of the components discussed and their purposes are provided 
in Table 2-2.  The components typically used in each of the other subsystems are discussed in 
the sections below in greater detail. 
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Table 2-2: Small Satellite Components 
Subsystem Component Mounting Considerations 
ADCS Thrusters View factor, Spacecraft dimensions 
 Reaction Wheels Orthogonality 
 Control Moment 
Gyros 
Space, Mass 
 Magnetic Torquers Orthogonality, Space 
 IMU Location of avionics 
 Sun Sensors View factor, ACS-decided angles 
 Star Trackers View factor 
 Horizon Sensors View factor, ACS-decided angles 
 Magnetometers Location of avionics; magnetic 
components 
 GPS Receiver View factor 
 Gyroscopes Location of avionics 
Communications Antenna View factor, Comm-decided angles 
 Switch Location of other Comm components 
 Transponder Location of other Comm components, 
Thermal 
Power Solar Panels View factor, Area 
 Batteries Mass, Thermal 
 MPPT Location of other Power components, 
Thermal 
 Battery Charging 
Circuit 
Location of other Power components, 
Thermal 
 Power Converters Location of other components, Thermal 
Thermal Thermocouples Location of critical components 
 MLI/White Paint View factor 
 Radiators/Louvers Location of hot components, View 
factor 
 Heaters Location of cold components 
 Heat Pipes Location of hot components 
Propulsion Thruster View factor, Mass 
 Tank(s) Volume, Mass, Location of plumbing, 
Thermal 
 Flow 
Controllers/Valves 
 
 Plumbing Location of Propulsion comp 
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2.2.1  Attitude Determination and Control (ADCS) 
The purpose of the attitude determination and control system is to determine the attitude of 
the satellite using a suite of sensors and use various actuators in order to affect the satellite’s 
attitude to meet mission requirements.  There are a number of mechanisms that can be used in 
order to do this, the number and quality of which are dependent on the attitude requirements 
of the satellite’s mission.  These requirements can vary by orders of magnitude, from satellites 
with strict pointing requirements for optical missions to satellites with loose pointing 
requirements for many sensor demonstration missions.  Sizing requirements are also 
significantly affected by disturbance torques and the size and moments of inertia of the 
spacecraft itself. 
Potential actuation hardware is as follows: 
• Thrusters: a key distinction to note here is the difference between hot gas thrusters and 
cold gas thrusters.  Cold gas thrusters (often nitrogen gas) can provide small actuation 
thrust, but are much simpler than hot gas thrusters (often hydrazine), which often 
require more plumbing and require toxic propellants.  The thrusters themselves are 
usually relatively small, but the bulk of the mounting requirements and mass come from 
the plumbing (tubing, solenoid valves, inhibits, fill valves, and relief valves) and the 
propellant tank(s).  Thrusters are placed with specific view angles to space (so as to not 
have plume impingement) as far from the satellites center of gravity as possible. 
• Reaction and momentum wheels: these are wheels that are spun at very high speeds in 
order to put momentum into the wheel itself.  By conservation of angular momentum, 
the satellite will slew in the opposite direction.  As such, to provide 3-axis, non-
redundant control, 3 wheels are required in each orthogonal axis.  Redundant 
configurations are also possible, which require placing additional wheels in linear 
combinations of existing wheels. 
• Control Moment Gyros (CMGs): these operate on the same principle of reaction wheels, 
but are gimbaled about one or more axes, which allow them to provide control about 
multiple axes.  CMGs provide for more varied placement options, but they are larger 
and more massive. 
• Magnetic Torquers: these can also be used in order to impart torque onto the satellite 
using the interaction between the Earth’s magnetic field and the current flowing 
through the coils in the torquers.  Torque devices can be used to provide direct control 
of the satellite or to desaturate the reaction wheels.  As with thrusters and reaction 
wheels, these devices also require specific mounting orientations.  It should be noted 
that these come in a number of varieties, from cylindrical “torque rods” to more planar 
“torque coils”. 
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Discussed so far is the hardware that can be used to actuate the spacecraft, however, this is 
only half of the job of ADCS.  In order to actuate properly, the system first must accurately 
determine the current attitude of the satellite.  Potential sensors to be used are as follows.  It 
should be noted that the sensors have slightly more flexible placement requirements than the 
actuators.  The ADCS team will select optimal locations for components (likely to minimize the 
number of coordinate transformations that need to be performed), but the deterministic 
nature of sensing placement provides slightly more flexibility for structural integration. 
• Inertial Measurement Unit (gyros and accelerometers): an IMU is a conglomerate of 
multiple sensors: gyroscopes are used in order to measure rotation rates and 
accelerometers can be used in order to determine the translational acceleration of the 
spacecraft.  Many IMUs will be able to measure in all 6 degrees of freedom, which can 
be integrated to determine speed and position, however it should be noted that, due to 
drift, an IMU by itself is not sufficient. 
• Sun Sensors: are able to obtain 2-axis information about the relative position of the sun 
in the satellite’s frame.  Since they require line-of-sight to the sun, they must be placed 
in view factor with the sun and multiple sensors will often need to be used on a 
spacecraft. 
• Star Trackers: rely on the same principle as the sun sensor, but obtain information from 
the star field rather than our neighbor star.  Star trackers can obtain much better 
accuracy at a significantly higher price tag. 
• Horizon Sensors: are a slightly coarser version of a sun sensor, but they rely on the 
thermal difference between the Earth and deep space; they are generally not as 
accurate as sun sensors, but have similar placement requirements 
• Magnetometers: the counterpart to the torque coils, these sensors compare the 
magnetic field measurement to known magnetic field mappings and can therefore be 
used in concert with other sensors to improve accuracy and/or improve reliability.  
These sensors are flexible in placement, but should remain far from magnets, which 
could contaminate the data. 
• GPS receiver: these sensors are primarily used to determine position and velocity of a 
satellite.  Since the GPS constellation operates in geostationary orbit, satellites in Low 
Earth Orbit (LEO) can easily use it; however discussions with a Lockheed Martin 
representative have indicated that GPS can still be used even above geostationary orbit.  
GPS is also flexible in placement (as long as the antenna has a view factor to space).  
Additionally, multiple units can be used in concert to determine attitude, which would 
require the units to be separated by as large a distance as possible. 
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• Gyroscopes: just like the gyroscopes described in the IMU section, these monitor the 
angular rate of the satellite.  For high accuracy requirements, separate gyroscopes are 
often mounted independently of the IMU. 
 
2.2.2  Communications 
The purpose of the communications system is to communicate with the ground station on 
Earth.  As with the ADCS system, the communication system requirements can vary by orders of 
magnitude, depending on how much data needs to be transmitted between the satellite and 
the ground station.  Furthermore, the stringency of the ADCS pointing requirements can affect 
the communications link budget. 
Components that are used in the communication system are as follows: 
• Antenna: antennae come in a wide variety of types, which can range from parabolic 
antennae (which often require deployment since they are difficult to stow) to lower gain 
patch antenna (which, in their simplest form, have the form factor of a plate).  The 
complexity of the antenna used will significantly affect the placement of the antenna, 
but the antenna will need to be placed with a view-factor toward the Earth.  During 
conceptual phase of design, when the Concept of Operations (CONOPS) is not yet 
defined, it is often safe to assume that the primary antenna should point in the opposite 
direction of the primary solar panels. 
• Switch: If multiple antennae are used in order to provide greater redundancy/coverage, 
but only one transponder is used, then a switch must be used in order to direct the 
signal to/from the appropriate antenna.  Placement is flexible, but should be between 
the antenna and the transponder. 
• Transponder, otherwise known as a modem: this device is used in order to decode the 
signals from the antenna such that the avionics system can process them and encode 
signals from the avionics system such that they can be transmitted by the antenna(e).  
The transponder has flexible placement requirements, but it should be close to the 
avionics board and heat paths should be addressed due to the heat output of such a 
device. 
 
2.2.3  Avionics 
The purpose of the avionics system is to act as the control center for the satellite.  Not only 
does it interface directly with the communications system to receive commands and send 
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telemetry, but it orchestrates the operations of the satellite, from thermal control to attitude 
control. 
From a component placement and mounting perspective, avionics is a very simple system.  The 
avionics board itself usually needs to be shielded and should be placed as close to the center of 
the satellite as possible for wiring harness reasons, but otherwise has no stringent 
requirements.  The size of the flight computer boards and other interfacing boards (as 
necessary) can vary widely depending on the required computing load. 
 
2.2.4  Power 
The purpose of the power system is to collect power from (almost always) the solar panels, 
regulate it, store it (for eclipse), and distribute it to the rest of the satellite.  The size of the 
power system can vary widely, depending on the power requirements of each of the other 
subsystems. 
Components used in the power system are as follows (assuming photovoltaic power 
generation): 
• Solar Panels: panels of photovoltaic cells, which generate electricity for the satellite, are 
often one of the most constraining components from a structural perspective.  They 
need to have an optimal view factor toward the sun and need to utilize as much space 
as possible.  Even more, the surface area of the satellite often provides insufficient area 
to generate enough power, which necessitates deployable solar panels, which greatly 
increases the structural design complexity.  This thesis assumes body mounted solar 
panels, but could be relatively easily extended to include deployable panels since 
deployable panels can be modeled as rigidly mounted to the body during launch, 
depending on the mounting and locking system used. 
• Batteries: used in order to store electrical energy in a chemical form for the eclipse 
portion of the orbit.  Batteries often have stringent thermal requirements, which can 
affect placement decisions.  Furthermore, the battery pack is often relatively massive, 
which further complicates the placement. 
• Maximum Peak Power Tracker (MPPT): used in order to capture the maximum peak 
power point from the solar panels (and therefore obtain as much solar energy as 
possible) and distribute the energy to the batteries and the rest of the satellite bus.  It is 
relatively large and should be placed between the solar arrays and the batteries in order 
to minimize the size of the power wiring harness. 
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• Battery Charging Circuit: although many MPPTs are capable of charging the battery pack 
itself, if the inherent charging capability is not appropriate or the MPPT chosen cannot 
charge the batteries, then a separate charging board will be required. 
• Power Converters: components throughout the satellite require power at multiple 
voltages, but the solar panels, MPPT, and batteries operate at a specific bus voltage.  In 
order to resolve this difference, a set of power converter boards are required.  The 
placement of these is also flexible, but converters can generate significant heat and 
should be placed in line between the MPPT/batteries and the recipient component. 
 
2.2.5  Thermal 
The purpose of the thermal system is to monitor the temperature of the satellite at critical 
locations and, if necessary, affect the temperature to meet mission requirements.  As such, the 
Thermal Control System (TCS) consists of three parts: sensing, passive control, and active 
control. 
Potential components in the thermal system are as follows: 
• Thermocouples: small sensors that are used in order to detect the temperature of 
critical components on the satellite.  These components are small, so mounting is often 
done directly to the component, making structural mounting simple. 
• Multi-Layer Insulation (MLI): serves as a blanket to insulate components from deep 
space.  MLI is relatively easy to mount as it is foil-like, however, it can affect placement 
of other components, such as solar cells or other components on the outside of the 
spacecraft. 
• White Paint: this serves the opposite purpose of MLI: to improve radiation of heat from 
the spacecraft, to cool the satellite.  It affects the placement of components in a similar 
manner as MLI. 
• Radiators: if the outer surface area of the spacecraft (even with white paint) is 
insufficient to cool the spacecraft, and then additional radiator area may be necessary, 
often in the form of deployable panels.  Just like solar panels, these can drastically affect 
the structural design of the satellite. 
• Heaters: if MLI cannot keep certain components warm enough, then it is necessary to 
use heaters.  These come in a wide variety of form factors, but most are relatively easy 
to mount close to the component that requires heat. 
• Louvers: if the difference in thermal states between the day and eclipse portions of orbit 
doesn’t allow for a passive TCS, then louvers (similar to “venetian-blinds”) can be used 
to actively change the amount of radiator area.  Like most thermal components, these 
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require placement on the outside of the spacecraft and do not allow other components 
to exist in the same location. 
• Heat Pipes: In a passive TCS, the structure of the satellite is used to direct heat from 
components to radiative surfaces.  If this proves insufficient, heat pipes, which use a 
closed two-phase fluid-flow cycle, may be used to increase heat transfer rates.  These 
are often relatively small, but need to be integrated closely with the structure itself 
 
2.2.6  Propulsion 
The purpose of a propulsion system, if incorporated, is to make large changes (generally on the 
order of >100 m/s delta-v) in the satellite’s orbit.  Furthermore, it should be noted that there 
are three main types of propulsion systems: electric, liquid chemical, and solid chemical.  In 
short, liquid chemical propulsion provides much higher thrust than electric, but is generally 
more complicated and expensive and is less mass efficient.  Solid chemical has the lowest mass 
efficiency and allows for very little control, but is by far the simplest system. 
Potential components for an electric or liquid chemical system are: 
• Thruster: regardless of the system, a thruster system will need a view factor toward 
space so that the plume doesn’t impinge on the solar panels or other satellite 
components.  Also, to manage power appropriately, there will likely be relative 
placement requirements between the thruster and the solar panels.  
• Tank(s): tanks are required to store propellant and can often be large, resulting in 
mounting complexity.  They, however, do have flexible placement requirements, subject 
to the ability to mount them to the primary structure efficiently. 
• Flow Controllers and Valves: flow controllers and valves are necessary to control the 
flow of propellant from the tank to the thruster and vary widely between systems.  
Often, they can be massive, but relatively flexible for placement.  It should be noted that 
additional valves are almost always required for safety and filling purposes. 
• Plumbing: the length of the tubing between propulsion components should be 
minimized and the radius of turns should be maximized. 
 
2.2.7  Wiring Harness 
The purpose of the wiring harness is to connect the avionics and power systems with the rest of 
the satellite.  Although the wiring harness is generally assigned to all or a combination of 
power, avionics, and ADCS teams, it is noted separately here since it is often neglected as an 
interface.  Nevertheless, it should be taken into account during preliminary structural design.    
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If accounted for correctly, access to connectors can be made much easier and length (and 
therefore mass) of the wiring harness length and mass can be minimized. 
 
2.3  Typical Satellite Structural Materials 
The materials used in spacecraft today, particularly those in secondary payloads, are often 
limited to a small range of materials that are well known and characterized because of the low-
risk tolerance for space hardware due to high launch costs and expensive components.  To this 
end, there are a set of criteria that are generally considered to be preferable for this 
application: 
• Isotropic 
• Lack of bonding (i.e. sandwich structures) 
• Low-Outgassing 
• Flight Heritage 
Common materials used in small satellites are listed in Table 2-3.  Carbon fiber laminates are 
also beginning to gain acceptance in the satellite industry due to its very high strength and 
stiffness to mass ratios and tolerance to damage.  Note that higher performance materials, such 
as titanium and magnesium are sometimes used for satellite applications, but are much more 
expensive and are therefore rarely considered for small satellite applications. 
 
Table 2-3: Common Material Properties (Federal Aviation Administration) 
Material Density 
(lbm/in
3
) 
Compressive Yield 
Stress  
(x10
3
 psi) 
Elastic 
Modulus  
(x10
6
 psi) 
Notes 
Aluminum 6061-
T6 
0.098 35 9.9  
Aluminum 7075-
T73 
0.101 54 10.3 Most 
Expensive 
Steel 17-4PH 
H1150 
0.282 105 28.5 Least 
Expensive 
 
These are the material alloys that are most popular.  Although structural components are 
traditionally machined from sheet, plate, or bar stock, more advanced structures have recently 
begun to gain acceptance, such as those described in sections 4.3.2 and 4.3.3 . 
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2.4  Small Satellite Structural Interfaces 
Like any system, satellites have both internal and external interfaces; those of interest to small 
satellites are: 
• The interface with the launch vehicle (often an ESPA ring) 
• Interfaces between primary structure components 
• Interfaces with the other subsystems 
Since small satellites tend to be secondary payloads, the interface with the launch vehicle tends 
to be strictly specified.  The ESPA standard specifies a bolt hole pattern that the satellite must 
use is shown in Figure 2-1, but doesn’t specify a particular separation method or device (DoD 
Space Test Program).  The University Nanosatellite Program (UNP) extends this specification 
further by requiring use of a 15” Planetary Systems Corporation (PSC) Motorized Lightband 
(MLB) (Directorate), the envelopes for which are shown in Figure 2-2. 
 
Figure 2-1: ESPA Mechanical Interface 
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Figure 2-2: UNP Mechanical Interface 
The Lightband itself is shown in its stowed (left) and deployed (right) configurations in Figure 
2-3.  Specific dimensions, masses, and other details can be found in the MLB User’s Guide 
(Planetary Systems Corporation). 
  
Figure 2-3: PSC Motorized Lightband 
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2.5  Finite Element Analysis 
Performing a finite element analysis using available tools and software is generally a 4 macro-
step process (usually using 3 tools): 
• Geometry Creation: usually done in a Computer Aided Design (CAD) program 
• Pre-Process: assignment of analysis parameters is usually done in a pre/post processing 
tool 
• Analysis: the job is usually submitted to a separate program to run the analysis 
• Post-Process: review of the analysis results is usually done using the same pre/post 
processing tool 
A detailed discussion of the finite element method itself is out of the scope of this thesis, 
however, element and stiffness matrix generation will be discussed in greater detail in section 
4.3.1 .  Furthermore many textbooks and online course notes are available for further 
reference, for example (Chessa) (Logan). 
The pre-processing activities involved to prepare for a finite element analysis are important to 
the ensuing discussion since the SDT executes these tasks internally. 
• Property definition: determines what kinds of elements will be used in the finite 
element model (FEM) 
• Meshing: converts of the geometry (which can be 0D, 1D, 2D, or 3D) into the elements 
as defined by the previous step 
• Material definition and assignment: define the mechanical properties that need to be 
applied to each of the properties (and therefore the elements) 
• Restraint condition definition and application: specify which nodes should have what 
restraint boundary conditions 
• Loading definition and application: specify which nodes should have what boundary 
conditions 
• Load case definition: specify which boundary and loading conditions are to be used in 
the analysis 
• Analysis parameters: specify analysis type and modify any default parameters as needed 
There are a number of finite element programs in existence, both open-source and commercial, 
which can be used to accomplish the tasks above.  The programs listed below are the 
commercial programs that have gained widespread acceptance.  It should be noted that many 
of the programs below accomplish the tasks of more than one of the tools described above. 
• Abaqus: pre/post processor and analysis code  
• ANSYS: analysis code 
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• ANSYS Workbench: geometry creation, pre/post processor, and analysis code 
• COSMOS: geometry creation (via Solidworks), pre/post processor, and analysis code 
• Femap: pre/post processor 
• Nastran: analysis code 
• NEi Nastran: analysis code 
• Patran: pre/post processor 
The SDT developed for this thesis is designed around NEi Nastran, since it was the commercial 
finite element code available at the time.  However, the interface between the MATLAB tool 
and the finite element code is flexible and could be easily modified to work with other codes 
relatively easily. 
 
2.6  Finite Element Meshing 
As described in section 2.5 , meshing is a key step of finite element model creation and is 
usually a function that is provided within a preprocessing tool.  The tool described here, 
however, uses a custom pre/post processor, so it was necessary to acquire or develop a 
meshing routine.  Fortunately, there are a number of meshing routines available for general 
public release.  The tool chosen for this application was DistMesh, which was written by Per-
Olof Persson for his Mathematics PhD at MIT (Persson), since it was readily available and was 
deemed more than sufficient to create 2d meshes for the SDT.  His thesis provides explanation 
of the methods used and provides examples for how to apply the methodology; also the open 
source MATLAB code was provided, along with example use cases.  It should also be noted that 
the mesh generation code is capable of creating 2D meshes and 3D tetrahedral meshes.  
Although this is not necessary (the SDT only uses the 2D functionality), it means that the same 
mesh generation code could be used in order to extend the capabilities of the SDT at a later 
date for more complicated geometry. 
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Chapter 3 Structural Design Tool 
 
The purpose of this chapter is to provide a description of the Structural Design Tool’s purpose, 
assumptions, inputs, outputs, and framework.  The chapter will begin by discussing the 
statement of work, in particular the requirements that drove the tool development and well as 
its unique features, which will be followed by a description of describing the overall structure 
and organization of the tool.  The set of assumptions that are used in the model and what that 
means will be discussed next, followed finally by a listing of the set of all inputs to and outputs 
from the model, along with descriptions of what these inputs and outputs represent. 
 
3.1  Model Statement of Work 
As described in Chapter 1, the primary purpose of this thesis is to create a tool that can be used 
to simplify and expedite the structural design of microsatellites in the conceptual design 
process.  Although such a tool has potential applications throughout the small satellite 
community, the projected primary application is in the educational setting, where the student 
engineers have, at best, limited CAD experience and structural design knowledge and 
experience.  Furthermore, the student engineers, particularly at the undergraduate level, are 
not likely to have an understanding of the finite element method or experience with FEM 
software.  As a result, initial architectural choices are made with little information, but carry 
throughout the rest of the design process due to the need to close a design.  A tool that can be 
easily used by a group of designers with little structural design can facilitate higher quality 
initial trade studies, thereby resulting in a better design outcome without incurring schedule 
slip.  The tool can also provide value to experienced engineers by expediting trade studies 
between architectures. 
In order for the SDT to be able to accomplish the expectations as described above, the user 
must be able to perform the following actions, which are broken down as follows into 
functional features and guidance features. 
The functional features, which represent specific things that the user must be able to do with 
the tool, are as follows: 
• Specify locations of components of various masses and dimensions: The user must be 
able to add components to the “assembly” and customize them to the specifications of 
the actual components.  Furthermore, it must be flexible enough to represent a wide 
array of potential component types. 
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• Obtain a rendering of the final configuration: The user must be able to dynamically 
view the assembly of plates and components.  Furthermore, the user must be able to 
identify plates and components in the rendering.  In effect, this interface must provide a 
simplified CAD interface. 
• Import/export plate configurations and component lists: The user must be able to save 
a configuration externally to the Graphical User Interface (GUI) (in at least a text-
readable format) and read the configuration back into the GUI at a later date. 
• Optimize for load paths and run FEA on each configuration with a single user input: 
With a single click of a button, the tool must be able to perform topological 
optimization, meshing, preprocessing, FEM run, and post-processing for multiple 
configurations, with no additional user input. 
• Run multiple configurations together and compare results: The tool must be able to 
store and run multiple configurations.  Furthermore, it must be able to not only view the 
results of multiple configurations, but also provide support for comparing the results to 
each other. 
• Export results: Just as the tool must be able to export the model (plates and 
components), it must be able to export the results into a format that can be easily 
viewed outside of the GUI. 
• Specify loading conditions (magnitudes and directions): Not only must the loading 
conditions (accelerations in orthogonal directions) be modifiable, but the GUI must also 
allow certain loading cases to be suppressed. 
• Perform both static and frequency analyses: In addition to static verification, the model 
must also determine the fundamental frequency of the models. 
The guidance features, which represent ways in which the user must be able to receive 
guidance from the tool, are as follows: 
• Utilize a set of plate/truss configuration choices: Providing a set of options is 
particularly important from the perspective of students, who most likely do not know 
what structural configurations are often used.  It is also useful for more experienced 
users as it provides a set of templates, thereby minimizing user input. 
• Customize the configuration choices: Once inside the GUI, the user must be able to 
easily modify particular elements, such as the thickness, material, and size of plates. 
• Obtain guidance about specific load path requirements: The tool must be able to show 
which parts of the structure are necessary to meet stiffness and strength requirements: 
as such, a topological optimization utility must be included. 
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• Modify the code that is written in a high level language that is familiar to the target 
audience: In order to enable further modification, customization, and improvement, the 
code must be easily accessible and understandable. 
• Access commented, available source code: The source code must not only be available, 
but also intelligible and well commented/documented.  Furthermore, if the code is 
compiled, the source code must be easily referenced and instructions must be provided 
for re-compilation. 
 
3.2  Model Functionality 
This section describes the overall flow and functionality of the tool so as to clarify how the 
various routines and methods fit together in order to satisfy the tool requirements.  A diagram 
of the top-level flow of information throughout the tool is shown in Figure 3-1. 
 
Figure 3-1: Top-Level Tool Information Flow 
The first thing to note is that the design flow consists primarily of two closed loops that each 
includes the GUI.  The first loop, with blue arrows in the figure, determines the set of 
architectures to be analyzed and configures them.  The second loop, with red arrows in the 
figure, performs a set of optimization and analysis routines on the specified configurations.  
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Each of these loops is described in greater detail below, including references to further 
information for each of the modules. 
The first loop is the architecture selection loop.  This loop is specified by the “architecture”, 
“components”, and “materials/connectors” tabs in the GUI and handles the selection and 
customization of each of the configurations to be analyzed.  Each of the steps is listed below: 
1. Architecture Choice: this section uses a set of architecture-level design variables to 
specify any number of potential configurations, as is described in section 4.1 . 
2. Plate Placement: this section converts the architecture design variables into a set of 
plates, as is also described in section 4.1 . 
3. Input Component Placement: this section collects the component location inputs from 
the user via the GUI. 
4. Bracketing Calculations: this section adds inter-plate brackets to the configuration, as is 
described in section 4.2 . 
The second loop is the optimization and analysis loop.  This loop is specified by the “manual 
mesh select” and “simulation” tabs in the GUI and performs the topological optimization and 
runs the final FEM loop and post-processing.  Each of the steps is listed below: 
1. 2D Topological Optimization: this section performs topological optimization on the 
plates per loading conditions and component locations (assuming it is required), as is 
described in section 4.3.1 . 
2. Final Component Placement: this section collates information from the topological 
optimization and, if necessary, adjusts positioning for the Nastran run. 
3. Nastran with Matlab Interface: this section prepares the final FEM loop by meshing the 
plates and brackets of the current design, converting the whole configuration into a 
finite element model, running the model, and reading results.  This process is described 
further in section 2.5 . 
4. Overall Design Trade: this section evaluates the differences between the different 
designs and provides recommendations to the user for improvement, as described in 
section 3.5 . 
5. Summation: this section presents the final results in such a way that is easy for the user 
to compare designs in the GUI. 
Other utilities are available in the tool, as described in the User’s Guide in the next chapter, but 
this section has described the overall design flow. 
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3.3  Modeling Assumptions 
The scope of the SDT is as a conceptual design tool and is not meant for detailed design.  
Although the ideal structural design tool would be one that can assist in the conceptual 
structural design, perform detailed design, provide detailed analysis, create interface control 
documents, create drawings, and export code to Computer Numerical Control (CNC) machines, 
creation of such a tool would not only be a very difficult task, but would require a large 
software engineering team to complete.  Furthermore, the responsible engineer should always 
remain in-the-loop for important design decisions and there are plenty of tools already 
commercially available to assist in the detailed design process.  As a result, the assumptions 
used in the SDT are similar to those used by any conceptual designer, with a few additional 
assumptions made in order to enable automation of processes. 
The key overall model assumptions are as follows: 
• The primary structure consists of flat plates and brackets: Complicated geometry is 
expensive to fabricate and is therefore not often used for small satellites.  When 
complicated geometry is used, it is often in secondary structure applications, the 
designs of which are not in the scope of the SDT. 
• All materials used in the structure are isotropic: For the reasons expressed in section 
2.3 , the assumption of isotropy is traditionally a good assumption since non-isotropic 
materials are discouraged since they are more difficult to analyze.  Although non-
isotropic materials have begun to gain acceptance, they can often be approximated by 
surrogate isotropic materials for conceptual design.  For example, carbon fiber is 
sometimes modeled as so-called “black aluminum” for initial designs.  It should be 
noted that the tool does provide support for laminate elements, but the materials of 
those laminates must be isotropic. 
• All connections are assumed to be perfectly glued: This is a traditional assumption for 
the conceptual design phase since detailed fastener design and validation can be a 
nontrivial process and the modeling of bolt holes can drastically increase the complexity 
of the mesh. 
• Fastener mounting holes will not induce significant stress concentrations: In satellite 
applications, a number of factors contribute to mitigating fastener hole stress 
concentrations.  For example, a larger number of small fasteners are usually used for 
more massive components.  Furthermore, bearing stress is linearly related to the size of 
the hole and the bearing stress allowable for metallic materials is almost always 
significantly higher than the yield allowable (Federal Aviation Administration).  In order 
to be more conservative, the traditional stress concentration factor of 3 can be used to 
margin the stress outputs (Lagace). 
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• Component masses are equally distributed in the volume: In order to simplify the 
component specification process, the only parameters required are the mass and 
dimensions.  For small components, this assumption holds well, but breaks down when 
the size of a component is significant compared to the size of the plate to which it’s 
mounted since the moment of inertia becomes important. 
• Components as placed by the user will not interfere with each other: The primary 
reasons for providing a rendering to the user are so that the user can ensure that the 
tool will analyze what the user intended and that the user can confirm that the design 
will package correctly (since the tool is unable to detect these interferences 
automatically). 
• Components as placed by the user will be accessible: An additional reason for providing 
the rendering is to allow the user to verify accessibility to the structure and components 
for assembly, integration, test, and ground support handling.  These concerns are often 
ignored prior to detailed design, but should be considered even at this early design 
phase to simplify the detailed design, fabrication, and integration processes. 
• Satellite will interface to the Launch Vehicle (LV) using a MLB: Although globally 
defined boundary conditions are relatively easy to modify in the source code, the 
interface used by the tool out-of-the-box is the 15” PSC MLB. 
As described in the previous chapters, there are many additional assumptions that are made on 
a functional level, but most of these assumptions are not relevant to the final results. 
 
3.4  Model Inputs 
This section will describe the inputs to the tool from a functional perspective.  A User’s Guide is 
provided in the Appendix. 
As described in section 3.2 , the SDT consists primarily of two loops.  The first loop is to specify 
and customize the plate architecture and components; the inputs relevant to the first loop are 
(and shown, for reference, in box 2 of Figure 3-2): 
1. Configuration Choice Parameters: There are three key design variables used to 
determine an initial set of plates; more information about this can be found in section 
4.1 .  
a. Plate Type: The type of plate used is the driving parameter since it specifies 
whether the “outer” plates will be used, the “spokes” plates will be used, or 
“both” will be used. 
b. Spokes Type: This choice is dependent upon the choice of “plates used”, as is 
summarized in Table 3-1.  If “outer” plates are used, then this choice is not 
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applicable.  If “spokes” plates are used, then the choice here only affects the 
clocking angle of the plates in the global coordinate system.  If “both” is selected, 
then the choice between “mid-plate” and “cross-plate” becomes relevant.  In the 
former case, the spokes will intersect the outer plates at the midpoints.  
Otherwise, the spokes will intersect at the outer plate intersections, resulting in 
a 3-plate intersection. 
Table 3-1: Plate Type Options 
“Plate Type” Selection “Spokes Type” Options 
outer N/A 
spokes Mid-plate, Cross-plate 
both Mid-plate, Cross-plate 
 
c. Number of Outer Sides: This choice specifies how many outer plates (and, by 
extension, the number of spokes) are used and is relevant for all “plate type” 
options. 
 
Figure 3-2: Architecture Selection Tab 
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2. Plate Specific Parameters (shown, for reference, in box 3 of Figure 3-2): 
a. Name: The name of the plate for reference 
b. Dimensions-X: With the current configuration limitations (assumption of regular 
polygon arrangements), the plate dimension variables are constrained to be 
equal for all plates, but the configuration sizing is a design variable.  This variable 
represents the X direction in the plate’s local coordinate system, which, for 
“outer” and “spokes” types of plates, is in the Z direction in the configuration 
coordinate frame. 
c. Dimensions-Y: Just like the previous variable, but orthogonal 
d. Thickness: The thickness is constrained to be equal among spokes plates if solid 
elements are being used, but is otherwise able to be defined independently.  
This limitation is enacted since the plate placement and bracketing creation 
algorithms require assumptions of consistent plate thicknesses 
e. Material: The material type for the plate 
f. Print Color: The color for printing in the GUI, which is used for distinguishing 
between plates in the rendering 
g. Hidden: Whether the plate is hidden in the GUI rendering; the GUI rendering is 
the only place that the value of this toggle is relevant 
h. Suppressed: Whether the plate is suppressed in the GUI rendering and all 
subsequent analysis 
3. Component Specification (shown, for reference, in box 2 of Figure 3-3): 
a. Name: The name of the component for reference. 
b. Mass: The mass of the component 
c. Dimensions-1: The dimension of the component in the x direction in the plate’s 
local coordinate system 
d. Dimension-2: The dimension of the component in the y direction in the plate’s 
local coordinate system 
e. Dimension-3: The dimension of the component in the z direction in the plate’s 
local coordinate system 
f. Print Color: The color for printing in the GUI, which is used for distinguishing 
between components in the rendering 
g. Hidden: Whether the component is hidden in the GUI rendering; the GUI 
rendering is the only place that the value of this toggle is relevant 
h. Suppressed: Whether the component is suppressed in the GUI rendering and all 
subsequent analysis 
i. Plate: Name of plate holding component 
j. Side: Index of plate on which the component is placed 
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k. Placement-1: Where the centroid of the component is placed in the x direction 
in the plate’s local coordinate system 
l. Placement-2: Where the centroid of the component is placed in the y direction 
in the plate’s local coordinate system 
m. Placement-3: Where the centroid of the component is placed in the z direction 
in the plate’s local coordinate system 
n. Rotation-1: Where the centroid of the component is placed in the R1 direction in 
the plate’s local coordinate system 
o. Rotation-2: Where the centroid of the component is placed in the R2 direction in 
the plate’s local coordinate system 
p. Rotation-3: Where the centroid of the component is placed in the R3 direction in 
the plate’s local coordinate system 
 
Figure 3-3: Component Placement Tab 
4. Material Specifications (shown, for reference, in box 1 of Figure 3-5): 
a. Name: Material identification name 
b. Density: The density of the material, assuming constant density 
c. Young’s Modulus: The isotropic stiffness of the material 
d. Poisson Ratio: The isotropic Poisson ratio of the material 
e. In-Plane Strength: The yield strength of the material when subjected to in-plane 
loading conditions 
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f. Bending Strength: The yield strength of the material when subjected to bending 
loading conditions 
g. Required Margin: The desired margin of safety above yield to be used. 
5. Connector Parameters (shown, for reference, in box 2 of Figure 3-5): 
a. Bracketing Edge: This is the parameter that describes the necessary spacing 
between plates for connectors, which is described in greater detail in sections 
4.1 and 4.2.2 . 
b. A Dimension: Dimension of the leg of the bracket on the plate1 side; see Figure 
3-4 
c. B Dimension: Dimension of the leg of the bracket on the plate2 side; see Figure 
3-4 
d. Number of Brackets: The number of brackets to be used on each inter-plate 
connection 
e. Bracket Material: The material from which the brackets will be made; options 
are the materials as listed in the previous materials table 
 
Figure 3-4: Representative, Labeled Bracket 
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Figure 3-5: Material/Connection Tab 
 
6. Isogrid Parameters 
a. Center-Center Distance: The “h” distance in Figure 3-6 
b. Facesheet Height: The thickness of the facesheet (the bottom sheet in Figure 
3-6) 
c. Rib Width: The b2 dimension in Figure 3-6 
d. Rib Height: The associated thickness for the rib section 
e. Flange Width: The b1 dimension in Figure 3-6 
f. Flange Height: The associated thickness for the flange section 
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Figure 3-6: Equivalent Isogrid Sandwich (Case) 
 
1. Plate Topology Definition (shown, for reference, in box 1 of Figure 3-7): 
a. # Elements X: The resolution of the material allocation grid in the plate’s 
coordinate system’s first direction 
b. # Elements Y: The resolution of the material allocation grid in the plate’s 
coordinate system’s second direction 
c. Plate Topology Type Specification: The type of material allocation method will 
be used for each plate, the options for which can be topological optimization, 
user-specified, isogrid, or none 
d. Element Type Specification: Which element should be used for the plates; it 
should be noted that the same element type must be used for all plates 
e. Manual Topology Specification: Where material should be allocated on a plate, 
thus overriding any automatic allocation 
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Figure 3-7: Manual Mesh Selection Tab 
 
The second loop in the SDT is to specify what parameters are to be used for the topology 
optimization and finite element analysis; the inputs relevant to the second loop are as follows 
and referenced in the GUI as shown in Figure 3-9. 
1. Static Load Parameters (box 1 in Figure 3-9) 
a. Acceleration-X: The acceleration in G’s that should be applied to the satellite 
during the static, x-direction load case 
b. Acceleration-Y: The acceleration in G’s that should be applied to the satellite 
during the static, y-direction load case 
c. Acceleration-Z: The acceleration in G’s that should be applied to the satellite 
during the static, z-direction load case 
2. Frequency Parameters (box 1 in Figure 3-9) 
a. Minimum Mode: The minimum acceptable fundamental frequency 
3. Constraint Parameters (box 2 in Figure 3-9) 
a. Lightband Diameter: The diameter of the circular clamped constraint at the 
bottom of the satellite, which simulates the restraint provided by the PSC MLB 
4. Pinball Sizes (box 10 in Figure 3-9) 
a. Global Restraint: The pinball radius for the locations of global restraints at the 
Lightband 
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b. Component Attach: The pinball radius for attaching Rigid Body Elements (RBEs) 
to the plates from mass elements, as shown in Figure 3-8. 
 
Figure 3-8: Pinball Radius Cartoon 
 
5. Meshing Parameters (box 11 in Figure 3-9) 
a. Bracket Seed: The seed size that should be used when meshing the bracket faces 
b. No-Holes Plate Seed: The seed size that should be used when meshing plates 
that don’t have any holes from manual input or topological optimization 
c. Holes Plate Seed: The seed size that should be used when meshing other plates 
6. Management Parameters (box 3 in Figure 3-9) 
a. Jobname: The base name to be used in the analysis; this is the name that will be 
used for Nastran input/output files and any results exporting that is performed 
7. Simulation Parameters (box 4, 5, 6 in Figure 3-9) 
a. Static X: When toggled, the x-direction static load case will be run. 
b. Static Y: When toggled, the y-direction static load case will be run. 
c. Static Z: When toggled, the z-direction static load case will be run. 
d. Suppress TopOpt: Whether the topological optimization routine is suppressed, 
so the meshing and finite element run will be performed with non-optimized 
plates 
e. Set Test Flag: Whether the flag that is used in the topological optimization utility 
to plot results from the subroutine finite element analysis is set.  This is only 
used for model verification purposes since it will terminate the analysis run after 
these plots are created. 
f. Configurations to Run: Which  configurations are to be run by the tool 
50 
 
 
Figure 3-9: Simulation Tab 
 
3.5  Model Outputs 
This section describes the outputs from the tool from a functional perspective.  A User’s Guide 
is provided in the Appendix.  The purpose of the model’s outputs is to provide the user with the 
tool’s absolute and relative assessment of the configurations that were fed into the tool.  The 
outputs are presented in several levels for ease of access (and depending on the level that the 
user wants) from raw Nastran data to summary margins of safety.  The specific outputs with 
explanation of their purpose are described below and referenced in the GUI as shown in Figure 
3-10. 
1. Pre-Analysis Verification 
a. Configuration Display: The configuration rendering that is provided on the 
“architecture” and “components” tabs so that the user can ensure that the 
architecture that the model is ready to analyze is what the user expects.  It 
shows all the plates, components, and connectors that will be used in the 
analysis. 
b. TopOpt View: This real-time display shows the progress of the topological 
optimization utility.  During the topological optimization routine, it shows, for 
each iteration, what elements are used and not used.  When the optimization 
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routine has finished, this window shows the results of the optimization in the 
global coordinate system 
c. Mesh View: Similar to the TopOpt View, this shows the progress of the meshing 
utility in real-time.  When the meshing has completed for all plates and brackets, 
the window shows the final mesh in the global coordinate system. 
2. Configuration-Specific Graphical Output 
a. Stress Output (box 2 in Figure 3-10): The selected stress component for all 
elements on plates and brackets in the assembly, as obtained from the Nastran 
output file.  The stress component options are as follows (Benham): 
i. Von-Mises: The primary value used for multi-axial loading conditions for 
metallic materials 
ii. Normal-i: The magnitude of the stress that is in the element’s normal 
direction 
iii. Shear-i: The magnitude of the stress that is in the element’s shear 
direction 
iv. Principal-i:  The stress in the element rotated in such a way that the 
stresses have no shear component 
b. Displacement Output (box 3 in Figure 3-10): The selected displacement 
component for all nodes on plates and brackets in the assembly, as obtained 
from the Nastran output file.  The stress component options are the 3 global, 
orthogonal directions. 
c. Modeshape Output (box 4 in Figure 3-10): The selected modeshape number for 
all nodes on plates and brackets in the assembly, as obtained from the Nastran 
output file.  The options are the modeshapes for each of the modes requested 
by the Nastran input file.  
3. Configuration-Specific Statistics (box 6 in Figure 3-10) 
a. Overall Mass: The mass of the satellite, including all plates, connectors, and 
components 
b. Structural Mass: The mass of the plates and connectors on the satellite 
c. Max Stress: The maximum stress in all elements 
d. Max Displacement: The maximum displacement for all nodes 
e. Fundamental Modes: The first 3 modes of the configuration in Hz 
f. Moments of Inertia: The moment of inertia of the current configuration. 
4. Comparative Outputs: This tab is used to compare the results of each configuration to 
the other ones; the values are displayed for each configuration and load case. 
a. Overall Mass: The mass of the satellite, including all plates, connectors, and 
components for each configuration 
b. Structural Mass: The mass of the plates and connectors for each configuration 
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c. Margin of Safety: The minimum margin of safety (MoS), as defined in [1], for 
each configuration 
   	
  1  [1] 
d. Fundamental Modes: The first fundamental mode in Hz for each configuration 
5. Nastran Output Files: For users who need additional detail, the raw Nastran output files 
are also available for viewing.  The list of NEi Nastran output files and their 
purpose/contents are as follows (NEi Software): 
a. FEMAP Neutral File (.FNO): The FEMAP output file, which is used to import 
results into the FEMAP postprocessor 
b. Systems Log File (.LOG): A short summary of the system and model and includes 
all error and warning messages 
c. Model Results Output File (.OUT): The primary output file in human-readable 
format and is the counterpart to the f06 file from NX Nastran 
d. NASTRAN ASCII Results File (.PCH): A text output of specified results (the easiest 
way to read results into MATLAB) 
e. Results Summary File (.RSF):  A results summary file 
 
 
Figure 3-10: Output Tab 
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Chapter 4 Structural Design Architecture 
 
This chapter describes the implementation of the key modules of the Structural Design Tool.  It 
is not meant to comprehensively describe how every function or method in the tool works, but 
instead to describe the largest, most complicated, and most innovative parts of the tool.  Each 
of these sub-chapters can be found in Figure 3-1 to see where they fit into the overall flow of 
the tool. 
Discussion will begin with the architecture selection and plate placement process, by which the 
user-specified configuration design variables are converted into an arrangement of plates, 
components, and brackets, referred to in this thesis as a configuration.  Sizing and placement of 
the connectors that are used in order to connect the plates to each other will also be analyzed.  
Examination of the design and validation of the plates is then presented for each of the 
material allocation options in satellites: topological optimization, isogrid, and sandwich 
structures.  Finally, the chapter will describe the topological optimization verification process, 
which is necessary since the routine is highly customized and utilizes a custom FEM routine. 
 
4.1  Architecture Selection and Plate Placement 
Before a structural design may be performed, it is necessary to first choose a structural 
architecture (or at least a set of architecture options), which will serve as the basis   for the rest 
of the design process.  Once this initial decision is made, then preliminary design, namely sizing 
of panels, trusses, and bracketing may begin.  Furthermore, the satellite architecture choice will 
greatly affect the design choices made by other teams in fulfilling their respective subsystem 
level requirements.  As described in the introduction, one of the primary motivations of the SDT 
is to facilitate the architecture selection process by providing comparable metrics between 
widely different architecture choices.  Therefore, the set of architectures available and the 
process by which these can be customized is vital to the utility of the SDT.  The method of plate 
placement as a function of configuration parameters is described below and illustrated in Figure 
4-1.  Red boxes indicate objects and blue boxes represent functions; the arrows represent data 
flow. 
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Figure 4-1: Architecture Selection Design Flow 
In order to generalize the architecture selection process as much as possible, a series of design 
variables were developed to differentiate between different options, which are defined and 
shown in Figure 4-2.  These candidate architectures were provided in an attempt to make the 
SDT applicable to a wide variety of small satellites. 
• Outer shape: this describes the number of outer sides; the architecture represented in 
Figure 4-2, for example, represents a value of 4 
• Plates used: as shown in Figure 4-2, there are two sets of plates (spokes and outer 
shape): a valid architecture could consist of one or both of these sets of plates 
• Spokes type: as shown in Figure 4-3, there are two options for the relative placement of 
spokes to outer plates.  The left diagram illustrates the “mid-plate” variety and the right 
diagram illustrates the “cross-plate” variety. 
 
 
Figure 4-2: General Architecture Elements 
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Figure 4-3: Architecture Spokes Type Options 
Also listed in Figure 4-2 is the Lightband interface, which shows how the satellite structure is 
restrained to the ESPA Launch Vehicle interface.  When spokes are present, the interface 
between the plates and the Lightband is located at the intersections.  When spokes are not 
present (and assuming that the satellite width is not equivalent to the diameter of the 
Lightband), top and bottom plates (in the plane of the page) are required in order to provide a 
mounting interface. 
Once the overall architecture has been determined, the dimensions and thickness of the plates 
may be specified.  For the purposes of this analysis, regular polygons will be assumed; the 
regularity is not expected to constrain the design space for small satellites since most, if not all, 
satellite busses consisted of regular polygons.   
The length and width of all plates are determined by the dimensions of the first plate of a given 
each architecture.  For example, if the length of plate 1 in a “both” plate type architecture is 
doubled, then the length of all other plates in that architecture will also be doubled (with the 
“spoke” plates still remaining smaller than the “outer” ones.  The relative thicknesses and 
materials of plates, however, are free to be varied from plate to plate. 
From the configuration parameters and the plate parameters specified above, a set of vertices 
may be determined for each of the plates.  It should be noted that topological optimization and 
meshing are performed in the plate’s local coordinate system (in the x, y plane with one corner 
at the origin), as shown in the right side of Figure 4-6.  The plate’s location in the global frame 
may be determined using a set of configuration-specific Euler angles and translations for each 
plate. 
The methodology used in determining the Euler angles and translations for each of the 
configurations is described in the following paragraph and Figure 4-4 should be used as 
reference; furthermore, the flow is shown in Figure 4-5.  For simplicity, all configurations are 
created such that the center of the circle is the origin of the global coordinate system.  When 
outer plates are used, the plate dimension specifies the width of the outer plate, delineated in 
the figure as “s”.  The lengths of the rest of the plates can then be determined from the 
assumption of a regular circumscribed polygon.  Furthermore, the first spoke plate is always 
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placed at the 0 degree location.  Once the plate dimensions have been determined, and 
assuming plates touched at the edges (and had no thickness), the requisite global Euler angles 
and translations could be determined by placing plates at the locations of the brown dotted 
lines. 
 
Figure 4-4: Plate Placement Diagram 
 
Figure 4-5: Plate Placement Flow 
The translation from the plate’s local coordinate system to the global coordinate system occurs 
in three steps, as illustrated in Figure 4-6.  First, the plate is rotated out of the 2D plane, by 90 
degrees in the local x axis in this case.  This rotation is the same for all plates in the 
configuration.  Next, the plate is rotated by the appropriate angle to make it parallel to the 
desired orientation.  Finally, it is translated by the appropriate amount in order to form a side 
of the regular polygon.  The rotations about the z axis and respective translations to points on 
the circle (for “outer” plates) may be calculated as in [2], [3], and [4].  In these equations, 
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“num_plates” represents the number of outer plates in the configuration, “plate_cnt” 
represents the current plate counter, which takes values [1, 4] for this case, and r represents 
the radius of the circumscribed circle.  Calculation of these quantities for the “spoke” plates is 
very similar. 
 
Figure 4-6: Plate Translation and Rotation 
   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In order to allow for interfacing room and to simplify the finite element connection process, 
gaps between the plates are required for each of the configurations.  This simplifies the 
connection process since NEi Nastran has the capability to glue all nodes within a specified 
tolerance of each other; NX Nastran has an additional capability to specify specific contact face 
pairs, but this is not available in NEi Nastran.  Modifying the logic to account for this is relatively 
simple: the plates are set to be s, r, and l in the diagram.  The lengths used in the calculation, 
however, are l*, r*, and s*, which are calculated as shown for l* in [5]. 
 #∗  # ( 24.$)5&%26_&76& [5] 
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The design flow in Figure 4-5 also references contact lists, which are used in the connector 
sizing and placement section.  The population of these lists uses knowledge of the 
configurations themselves to specify which plates contact each other. 
 
4.2  Connector Sizing and Placement 
After plate placement has been performed, the plate connections may be added.  The inputs to 
the connection sizing and placement are: 
• Force applied on the connection (in both shear and in-plane directions) 
• Connection parameters 
• Placement on plates (to ensure the connection locations are consistent with the 
boundary conditions applied during topological optimization) 
The sections below describe how the connectors are sized and placed within the configuration.  
A diagram that summarizes the flow is shown in Figure 4-7, where blue boxes represent 
functions and red boxes represent objects. 
 
Figure 4-7: Connector Design Flow 
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4.2.1  Connector Sizing 
Connector sizing is performed using simple, highly-margined approximations.  Since the loading 
conditions are accelerations, the loading conditions on the brackets are based on the mass of 
components and plates, such that they are in the load path to the system-level boundary 
condition.  The load path is illustrated in Figure 4-8; each of the green connections will be 
subject to half of the mass on the blue plate.  Note that the conservative assumption is made 
that the load is reacted by a single bracket on each corner, which eliminates the need for a 
more complicated analysis at this point since the masses of the brackets are assumed to be 
small relative to the rest of the satellite. 
 
Figure 4-8: Connection Load Path Analysis 
Once the load is determined, basic stress equations shown in [6] and [7] can be used to 
determine the required thicknesses of the bracket (which assume a cross section area of half 
the width times the thickness); the variable plate_width represents the dimension of the plate 
in the global x, y plane, t represents the thickness of the plate the forces are derived from the 
boundary conditions by translating the global accelerations into the plate’s local coordinate 
frame.  The parameters on a representative bracket are shown in Figure 4-9.  The thickness 
specified for the brackets is the maximum of the two independently calculated thicknesses, so 
the limiting case drives the output thickness. 
 89:;<  6>?;_@:<AB C_<:B %B D-A [6] 
 
 89:;<  1_<:B % D:,?;, [7] 
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Figure 4-9: Representative, Labeled Bracket 
 
4.2.2  Connector Placement 
The placement of the connectors in the global coordinate system can be performed easily using 
configuration parameters (as was done for plate placement), however specification using 
configuration parameters would restrict the connection placement routine to specified set of 
configurations.  Although the current tool doesn’t support other configurations, the goal was to 
allow extension to other plate placement options.  Furthermore, a generalized connector 
placement routine allows for suppressed plates and other simple deviations from the specified 
configuration.  This routine is performed in the following steps: 
• Determine “directionality” of the plates, as shown in Figure 4-10 
• Determine vertices close to an “anchor point”, which is the projected intersection of the 
closest two faces of a plate, as shown in Figure 4-10 
• Determine the anchor point itself 
• Determine directions of bracket length and width 
• Assemble coordinates and output 
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Figure 4-10: Anchor Point Cartoon 
The “directionality” of the plate is simply the first two (x, y) components of the vector between 
the two opposing sides of the plate (in the width direction).  Since the width direction on all 
plates (in the local 2D frame) is in the y direction (represented by the [0 1 0] vector), the vector 
in 3D is simply that vector rotated by the Direction Cosine Matrix (DCM) generated from the 
plate’s Euler angles. 
The second step is also relatively straightforward.  Assuming first that the mid-plane 
configuration is not being used and the plate side to which brackets attach is known (which is 
placed into the contact list from the configuration translation step), then finding “pairs” of 
vertices, as shown in Figure 4-11, is simply a matter of searching the list of vertices on all the 
plates and determining which ones are within a certain tolerance of each other.  This algorithm 
outputs a list of pairs of coordinates.  If, however, the mid-plane configuration is used, then 
there will not be a corresponding coordinate on the face of the other plate.  The existence of a 
mid-plane connection type is instead flagged in the contact list, which then tells the subroutine 
to simply use the absolute value to determine which vertex is farthest from the origin. 
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Figure 4-11: Plate Intersection Options 
Determination of the anchor point is the most involved step, due mainly to the number of 
possible plate intersection types.  The simplest cases are when the cross-plate configuration is 
not used (3 plates intersecting at the same vertex).  This simpler case is depicted in Figure 4-12.  
The “hypotenuse” is taken to be equivalent to the known distance between the anchor point 
and the closest vertices of the plate (bracketing_edge in the diagram).  “Halfbase” is half the 
distance between the known vertices and “vectbase” is the vector between the known vertices.  
The anchor point is known to be on the vector orthogonal to vectbase and at a distance 
(starting from the midpoint of vectbase and shown as “vectout”, with magnitude “outedge”) 
that can be determined by Pythagorean Theorem, as shown in [8].   
 %&76&  E4.$)5&%26_&76&B  F$#G4$'&B [8] 
 
Figure 4-12: Non-Cross-Plate Anchor Point Determination 
The case where 3 plates intersect is more complicated since the anchor point does not lie on 
the line that extends from plate1’s face, so it is necessary to determine the offset since the 
bracketing_edge distance is unknown.  Using the plate directionalities determined earlier, the 
relative angle between the plates can be determined using the definition of the dot product, as 
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can be seen in Figure 4-13.  From there, the smaller triangle (with $6#&  HB  .&#_$6#&) may 
be used with the half thickness of the plate to determine the reduction in bracketing_edge 
distance, represented as the bracketing_edge “extension” in the figure, as shown in [9].  From 
there, the same calculation may be used as in the simpler case. 
 4.$)5&%26_&76&_&+%&'2  plate_thk2	cos	T2  .&#_$6#&U [9] 
 
 
Figure 4-13: Cross-Plate Anchor Point Determination 
Finally, for the case of mid-plate intersection, the plate directionality is used to determine the 
vector of the “spoke” plate, which is then extended by the magnitude of bracketing_edge to 
obtain the anchor point location. 
Now that the anchor points have been determined for each configuration, the brackets 
themselves can be created.  Since the directionality of each of the plates is already known, 
calculation of the bracket point coordinates is straightforward: the locations of point1 and 
point2 in Figure 4-9 can be determined by simply adding the anchor point coordinates with 
each plate’s directionality times the magnitude as specified by “a_dim” and “b_dim”, the 
lengths of each of the legs of the brackets, as is described in [10]. 
 "V%,WWWWWWWWWWWWWX  $)F._"V%WWWWWWWWWWWWWWWWWWWWWWWWWWWWWX ( >7V.&)%V$#V%1,WWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWXC4.$)5&%26_&76& [10] 
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4.3  Plate Design 
The design of plates from a structural perspective is a trade-off between mass and 
stiffness/strength.  As with everything with a space application, mass minimization is 
paramount; as mass is removed via addition of holes or thinner plates, however, the maximum 
stresses increase and the stiffness decreases.  As a result, it is necessary to carefully consider 
the plate thickness and addition/removal of material.  Once plates are selected, the designer is 
presented with several options for minimizing mass subject to stiffness and strength 
constraints: 
• Adjust the plate thickness, but otherwise not modify the plate’s profile (baseline 
option): this will usually be the simplest, most massive and therefore suboptimal option 
• Use an isogrid plate (a plate with a rib pattern that behaves isotropically on a global 
scale): although this design can complicate the mounting process and incurs some mass 
penalty, it is more efficient than the baseline while remaining fairly modular (Case) 
• Add stiffeners to key locations of the plate: this is a customized version of the isogrid 
plate, and is accordingly more complicated and less modular 
• Topological optimization: use a constant thickness plate and remove material such that 
mass is minimized, subject to compliance and/or stress, given a set of loading and 
boundary conditions 
• Any combination of the above 
The tool described in this thesis focuses on the topological optimization, but retains capability 
for the baseline and isogrid options.  Specific application of stiffeners is outside the scope of the 
tool since this is an initial design tool.  If the topological optimization option is selected, then 
the tool will suggest an optimal distribution of mass, given a constant thickness.  When 
advancing to a more mature design concept, the addition of stiffeners should also be 
considered. 
 
4.3.1  Topological Optimization 
As stated above, the primary use for the tool is topological optimization since it provides the 
best insight into what parts of the primary structure carry load and provide stiffness.  In other 
words, the topological optimization utility itself removes material from a flat plate in the most 
“efficient” manner.  However, by seeing where material is removed, the engineer could decide 
to add stiffeners to the plate in place of or in addition to removal of material from the flat plate. 
The topological optimization routine used here consists of the following steps: 
• Determine where to remove material such that compliance is minimized 
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• Determine the “cutoff curve” such that stress in the plate is kept below a specified 
threshold 
• Repeat analysis for all loading conditions (2 in-plane directions and 1 bending direction) 
and take the union of the required material for each loading case 
These steps will be described in greater detail below and a flow of the process is shown in 
Figure 4-14. 
 
Figure 4-14: Topological Optimization Flow 
 
(1) Compliance Minimization 
The initial part of the topological optimization routine is based heavily on the formulation and 
code developed by O. Sigmund in “A 99 line topology optimization code written in Matlab” 
(Sigmund), which enables a compliance-based optimization for in-plane loading.  Although 
topological optimization is an extensive area of research, this routine was chosen as a starting 
point for its simplicity, for its ease of modification, and for the presence of supporting 
documentation and examples. 
The approach used by the topological optimization routine is Solid Isotropic Material with 
Penalization (SIMP), which utilizes a discretized 2D grid of rectangular elements, on which the 
design variables are the “densities” of each of the elements.  For determination of material 
properties, the density is raised to a power times the element’s material properties, which has 
been shown to be valid for materials with a Poisson ratio of about 1/3.  The design problem is 
represented in [11].  In short, the design problem states that the compliance (the product of 
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the displacement , stiffness 5Y, and design + matrices) is being minimized subject to a set 
volume fraction G , the constitutive relation Z[  D and that the design vector values are 
between 0 and 1. The volume fraction represents the ratio of elements with density of 1 to 
total number of elements, the stiffness matrix represents the plate element stiffness matrix, 
and then displacement vector represents the displacement of each of the element nodes.  For 
this application, the target volume fraction itself is irrelevant, so it is set to the middle of the 
design domain (0.5) to obtain the most robust density function possible.  The additional 
constraints are the basic equation of elasticity and that the density of each element is between 
0 and 1. 
 
\]]^
]]_min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e
fg 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'4h&)%	%:	 j+jY  GZ[  D0 l +_min m + m 1
 
 
[11] 
 
The flow of this routine is shown in Figure 4-15 and described below. 
 
Figure 4-15: Compliance Minimization Routine 
 A wide variety of methods could be used to solve this optimization problem, namely Optimality 
Criteria, Sequential Linear Programming, and Method of Moving Asymptotes (Sigmund).  
Optimality Criteria is chosen for simplicity and since it was the method used in the baseline 
routine; it’s implemented as described by Bendsøe (Bendsoe). 
The second constraint in the design problem also required development of a finite element 
subroutine, which was customized from the original Sigmund routine since it only supported in-
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plane load application.  Furthermore, no non-commercial bending topological optimization 
routines have been found.  Commercial options to this include dedicated Topological 
Optimization utilities such as Optistruct (Altair) and generalized finite element software and 
codes such as ANSYS Workbench and Nastran. 
The finite element formulation is a 2D array of rectangular elements, as shown in Figure 4-16.  
For application of boundary conditions, the default storage of the elements is in a 2D matrix.  
However, the finite element solve operation requires displacement and force matrices to be 1D 
vectors, with the conversion between 2D and 1D as shown in Figure 4-16.  What the figure 
shows is that the 2D array of elements can be represented in 1D by assembling its “columns” (in 
the y direction, which has the “i” counter) in series.  This mapping of “i” with y and “j” with x 
can be found throughout the topological optimization routine.  
 
Figure 4-16: Topology Optimization Element Formulation 
The global stiffness matrix is generated using the stamping method from the elemental stiffness 
matrices, where the elemental stiffness matrices are consecutively added to the global stiffness 
matrix.   
The formulation of the stiffness matrices for each of the bending and the in-plane elements are 
as described below and summarized in Table 4-1.  It should be noted that the element 
formulation is the only difference between the in-plane and bending cases, but that the 
bending element requires more shape functions (due to 3  degrees of freedom (DOF) rather 
than 2 DOF) than the in plane element. 
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Table 4-1: Topology Optimization element Comparison 
 In-Plane Bending 
# Nodes 4 4 
# DOF 8 12 
# Shape Functions 4 12 
 
In-Plane Element Formulation 
The in-plane elements were formulated as bilinear quadrilateral elements (Kattan), which 
requires 2 DOF per node, resulting in 8 DOF per element for each 4 node element.  The shape 
functions of this element are as shown in [12]. 
 
\]^
]_ng 
gogpqgprnB  gogsqgprnt  gogsqgsrno  gogpqgsr
 
 
[12] 
Furthermore, for isotropic elements in plane stress, the material property stiffness tensor is as 
shown in [13], where E is the Young’s Modulus and u is the Poisson’s Ratio. 
 
 v  w1  xB y
1 u 0u 1 00 0 gpzB { 
 
[13] 
The element stiffness matrix is then calculated using [14] and MATLAB’s Symbolic Math 
Toolbox.  The Jacobian J and B matrices, which are derivatives of the shape functions, are 
provided in (Kattan).  Finally, t represents the thickness of the plate. 
 |5}  % ~ ~ |}cgpg |v}|}||77
g
pg  
 
[14] 
Bending Element Formulation 
The bending elements were formulated as rectangular, 4-node plate elements.  The 3 degrees 
of freedom are bending displacement w and the two rotational DOF  , 9 orthogonal to the 
direction of bending, as shown in Figure 4-17  (Haisler). 
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Figure 4-17: Bending Element Cartoon 
The element vector is arranged similarly to the in-plane element, as shown in [15]. 
 c  g	g	9g	B	B9Btt9too9oc 
 
[15] 
Assuming a polynomial displacement function as in [16], the plate stresses may also be derived.  
From there, the 12 shape functions may be derived (Haisler), which are in the form shown in 
[17]. 
 +, 1 $g ( $B+ ( $t1 ( $o+B ( $+1 ( $1B ( $+t ( $+B1 ( $+1B($gY1t ( $gg+o ( $gB+t1 ( $gt+B1B ( $go+1t ( $g1o  
 
[16] 
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[17] 
The calculation of the B matrix is described in (Haisler) and the D matrix is equivalent to that 
used in the in-plane element.  As a result, the bending element stiffness matrix can be 
calculated as shown in [18], where “a” and “b” are the dimensions of the elements and t is the 
thickness of the plate. 
 |5}  $4% ~ ~ |}cgpg |v}|}77
g
pg  
 
[18] 
For both element types, the force vector is modified as shown in [19]. 
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[19] 
The result of this compliance minimization procedure is a 2D matrix of recommended element 
densities on the continuous scale of [0 1] for a volume fraction of 0.5. 
 
(2) Determination of “Cutoff Curve” 
The purpose of this step is to determine the density value at which the binary choice of 
material/no material should be made, as illustrated in Figure 4-18, where a lower cutoff value 
results in less material being removed from the plate. This is necessary so that easily 
manufacturable plates can be used in the design since continuously varying plates would not 
only be difficult and expensive to fabricate, but also difficult to interface with.  The previous 
step was performed independently of the magnitude of the loading condition.  In this step, it is 
necessary to calculate stress levels to determine what final cutoff value should be used. 
 
Figure 4-18 Cutoff Curve Cartoon 
There are several reasons that these two steps need to be completed separately: 
• The SIMP method used in the formulation of the topological optimization is only valid if 
the density is raised to the third power (Blendsoe and Sigmund); however an accurate 
stress calculation cannot be performed if this method is done simultaneously. 
• An accurate stress calculation requires large numbers (strains tend to be <<1, while 
stresses and moduli tend to be >>1); the resulting stiffness matrix is very stiff and 
therefore can prove more difficult to invert than if the moduli were set to 1. 
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The flow of the cutoff determination procedure is shown in Figure 4-19. 
 
 
Figure 4-19: Cutoff Determination Flow 
Calculation of stress levels is performed using the same finite element subroutine that was used 
in the topological optimization step, except that it is called directly rather than through the 
SIMP method.  Once the displacements have been calculated, the stresses may be calculated 
using [20], where D is the isotropic stiffness tensor and B contains the derivatives of the shape 
functions. 
 8  |v}|} [20] 
The von Mises equivalent stress is then calculated as shown in [21] and then margined with the 
specified factor of safety (FoS), which represents the anticipated stress in the current version of 
the plate.   
 8,p:--  8B ( 8899 ( 899B  [21] 
Once this factor of safety has been determined, a few checks are performed to ensure that it is 
valid before continuing: 
• The displacement vector is checked to ensure that it is reasonable.  Particularly because 
of the rectangular gridding, it is possible for the stiffness matrix to become ill-
conditioned and not have a full load path.  The best way to perform this check is by 
ensuring that the displacement is not very large (taken in this case to be >1m, which is 
sufficient to identify ill-conditioned cases).  If this was found to not be the case, then the 
cutoff value would be increased. 
• The displacement vector is checked over each of the loading conditions to ensure that 
all components and load vectors have a load path.  If a plate has a massive component 
and a much less massive one, it was found that the routine would ignore the less 
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massive one.  As a result, the routine will run the finite element with each load 
separately to ensure that each had a load path to a restraint.  If this was found to not be 
the case, then the cutoff value would be increased. 
Assuming the displacement vector passes the above tests, the factor of safety value is then 
passed into an empirically tuned lookup table (Table 4-2) to determine how much the cutoff 
value should be changed for the next iteration.  The values for this lookup table were 
determined by experimenting with convergence for different values until convergence could be 
obtained for a wide variety of boundary conditions. 
Table 4-2: Cutoff Value Lookup Table 
FoS Exceed Ratio Cutoff Value Delta 
>10 0.18 
>5 0.05 
>1.1 0.02 
<1 -0.02 
<0.8 -0.04 
<0.6 -0.1 
 
Once the delta has been determined, the next cutoff value is calculated by adding the delta to 
the previous value and the finite element is run with the new value, assuming none of the 
cutoff criteria are met. 
The standard termination criterion for the routine is that the FoS Exceed Ratio is between 1.0 
and 1.1.  The iteration will also terminate if one of the following criteria are met: 
• The cutoff value delta would result in a negative cutoff value, which means that even a 
full plate is under-designed and thickness must be increased. 
• The cutoff value delta is greater than 0.95, which means that either: the thickness 
should be decreased to allow for better material utilization, the previous step’s densities 
were poorly conditioned, or the mesh requires further resolution to remove more 
material without creating a singular stiffness matrix (no load path between forces and 
restraints). 
• The factor of safety has stalled (remained the same despite changing cutoff value), 
which means either that the selection from the design space is ill-posed or that the 
thickness should be decreased since the plate is significantly overdesigned. 
• The maximum number of iterations has been reached, which is set to be 50 as a value 
larger than converging optimizations needed in order to obtain a final value. 
Once the iteration has terminated, the latest binary array of elements is ready for the final step. 
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(3) Union of loading conditions 
As described in section 2.1 , the satellite structure must usually be able to withstand a variety of 
loading conditions, specifically loading in each of the three orthogonal directions.  Much 
research has been performed to design structures that are configurable to multiple loading 
conditions and/or unknown loading conditions (Nadir).  In this case, the loading conditions are 
“known”, but there are multiple conditions.  In (Nadir), this approach is the “Method III” 
approach, which is the design for reconfigurability.  There are two options for enveloping 
loading conditions: simultaneous loading and independent loading (usually with larger loading 
magnitudes).  Since both of these are options (depending on UNP or ESPA), the SDT provides 
the ability to design for multiple loading conditions, which is done by taking the union of the 
“required” elements from each of the load cases.  This solution is both simple and highly 
conservative, but extension of this method is a potential area for future work. 
The result of this union operation is the plate topology mesh to be used in the final finite 
element run. 
 
4.3.2  Isogrid Plates 
Topological optimization can be a very efficient means of reducing the structural mass with 
minimum penalty.  Performing topological optimization, however, necessarily reduces the 
flexibility of the configuration since it is optimized for a particular component and plate 
configuration.  Furthermore, due to the presence of irregular geometry, validating the final 
analysis can be more difficult than it would have been for a standard plate.  If the mass of 
plates that are sufficiently thick for a desired bending strength and modulus is prohibitive and 
flexibility is desired, another option is to use isogrid plates.  Isogrid plates are so named since, 
as a plate, they exhibit nearly isotropic properties and can be modeled as a laminate of 
isotropic materials with different stiffness values.  At the same time, much of an isogrid plate is 
pocketed, thus significantly reducing the mass.  The result is a metal plate with a very high 
stiffness to mass ratio, like an “I” beam.  An example isogrid plate is shown in Figure 4-20. 
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Figure 4-20: Isogrid Plate (c/o composite.about.com) 
An isogrid can be modeled by constructing an equivalent laminate with stiffness linearly scaled 
by the effective widths of each “layer” of the isogrid, as shown in Figure 4-21. 
 
Figure 4-21: Equivalent Isogrid Sandwich (Case) 
 
Since Nastran has laminate solution techniques, it is possible to simply use laminate elements 
to represent the isogrid plates in the analysis runs that are performed by the SDT. 
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4.3.3  Sandwich Structure 
Sandwich structures are an advanced complex composite laminate.  A cartoon of a sandwich 
structure is provided in Figure 4-22. 
 
Figure 4-22: Sandwich Structure (Larson and Wertz) 
A sandwich structure is essentially a composite material version of an “I” beam.  The core 
material (often aluminum honeycomb, but can also be nomex or foam) acts as a spacer 
between the facesheets, ensuring that the facesheets bend in unison.  The core itself provides 
no additional strength to the structure.  As a result, very thin facesheets at the “top” and 
“bottom” of a panel can provide very high stiffness to mass ratios.  The concern with this 
architecture is the bonding of the core to the facesheets, which is generally done with film 
adhesive.  Since bond quality is highly dependent on the quality of bonding procedures used, 
small satellites (particularly university satellites) often have difficulty convincing launch 
providers of the integrity of their panels. 
 
4.4  Topological Optimization Verification 
Due to the highly customized nature of many of the topological optimization subroutines, it was 
necessary to validate the operation of the subroutines and of the overall topological 
optimization scheme.  This verification was performed on several levels by comparing the 
results of the MATLAB algorithms with the results of the commercial finite element software 
package, Ansys Workbench.  The tests performed and rationale for each is listed below: 
• “1D”, Flat Plate Load Case: this test was performed in order to verify not only that the 
custom FEM agreed with Ansys, but also with easily performable hand calculations from 
first principles. 
• Mesh Refinement, Order of Accuracy: this test was performed in order to ensure that 
mesh refinement resulted in convergence. 
• Non-uniform Load Case: this test was performed in order to verify that a more 
complicated (non-monotonic) loading condition is accurate. 
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• Post Topological Optimization Load Case: this test was performed in order to ensure 
that a plate with holes would still result in accurate results. 
• Topological Optimization Shape: this is the final test, which ensures that the shape 
specified by a commercial topological optimization utility is approximately equivalent to 
the shape produced by the custom topological optimization routine. 
 
4.4.1  “1D”, Flat Plate Load Case 
The first test is to verify the stress and displacement of representative compression and 
bending load cases. 
The compression load case is performed first, the boundary conditions for which are shown in 
Figure 4-23, with the 6DOF clamp restraint on one long face and a compressive line load of 
1000 N on the opposing face.  The displacement plots are shown in Figure 4-24, which shows 
the maximum displacement of the custom utility to be about 5% lower than Ansys.  The Von 
Mises stress plots are shown in Figure 4-25, which show stresses at the free end from the 
custom utility to be about 5% lower than Ansys.  Given that the Ansys analysis was performed 
using solid elements and the custom FEM used plate elements, this is a good match, therefore 
validating the in-plane element calculations.  In each set of plots, the tool’s FEM is shown on 
the left and the ANSYS Workbench verification case is shown on the right. 
 
Figure 4-23: Flat Plate Boundary Conditions 
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Figure 4-24: Flat Plate: Compression Load, Displacement Output 
 
 
 
Figure 4-25: Flat Plate: Compression Load, Stress Output 
 
The bending case is performed next, the boundary conditions for which are shown in Figure 
4-26, which consists of a 6DOF clamp restraint on one long face and a bending line load of 1000 
N on the opposing face. 
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  Figure 4-26: Flat Plate Boundary Conditions 
 The displacement plots are shown in Figure 4-27, which show the custom FEM to predict 
displacements about 5% less than Ansys.  The stress plots are shown in Figure 4-28, which 
shows the custom FEM to predict stresses 9% less than Ansys, however this larger discrepancy 
is suspected to be due to solid versus plate elements and/or the application of boundary 
conditions in Ansys since the Ansys plot shows maximum stress to  be close to, but not at, the 
restraint. Therefore, the bending element calculations are validated for the purposes of this 
routine.  The boundary conditions are the same as in Figure 4-23, but with the force applied in 
the bending, rather than the compression, direction. 
 
Figure 4-27: Flat Plate: Bending Load, Displacement Output 
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Figure 4-28: Flat Plate: Bending Load, Stress Output 
 
4.4.2  Mesh Refinement: Order of Convergence 
The second test is to ensure that the algorithm converges as the grid is refined.  From there, the 
order of convergence can be determined.  In order to do this, the same compression loading 
case is used as in the previous section; however it is run over a range of grid sizes, such that 
there are 2,2 ∗ 2, elements representing the plate.  The maximum displacement and the 
logged error are shown in Figure 4-29.  Note that in the left-hand plot, the displacement 
decreases as the grid gets coarser; the sign of the slope is to be expected since a coarse grid 
introduces artificial stiffening.  The right plot shows the error with respect to element size, with 
the green line representing first order convergence and the red line representing second order 
convergence.  The “truth” value from which error is calculated is simply the finest grid 
calculated, so the presence of 3 grid points indicates that 4 grid resolutions were used to create 
this plot).  It should be noted that the convergence appears to be approaching second order, 
but the key takeaway is that it is at least first order. 
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Figure 4-29: Finite Element Mesh Refinement 
 
4.4.3  Non-uniform Load Case 
The next test is to verify the stress and displacement of a representative non-uniform load case.  
The load case used here is (and is shown in Figure 4-30): 
• Restraints at the corners of the plate 
• A 20 kg, 20 G force applied at the center of the plate (3924 N) 
 
 
Figure 4-30: Non-Uniform Load Case Boundary Conditions 
 
The displacement plots are shown in Figure 4-31, which shows qualitatively similar 
displacements, however the difference in application of clamped edges (in Ansys) versus 
clamped nodes (in the FEM tool) results in a 14% underprediction of displacement compared to 
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Ansys.  The stress plots are shown in Figure 4-32, which again show qualitatively similar results, 
but a 20% underprediction of stress compared to Ansys.  In each set of plots, the tool’s FEM is 
shown on the left and the ANSYS Workbench verification case is shown on the right.  The plots 
show that there is a discrepancy at the corners and at the center, but this is suspected to be 
due to differences in the way that ANSYS Workbench and the tool apply the load since the 
regions far from the boundary conditions are accurate. 
 
Figure 4-31: Component Bending Load, Displacement Output 
 
 
 
Figure 4-32: Component Bending Load, Stress Output 
 
4.4.4  Post Topological Optimization Load Case 
The next test is to verify the stress and displacement of a representative topological 
optimization case.  For this test, the topological optimization is run for a given loading 
condition.  Then the results are approximated in Solidworks, which is then imported into ANSYS 
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Workbench and the same loading conditions are applied.  The load case is a 3.5e5 N line load 
applied at the right side of the plates and line restraint at the left side of the plates. 
The displacement plots are shown in Figure 4-33, which shows that the FEM routine 
underpredicts the displacement of Ansys by about 5%.  The stress plots are shown in Figure 
4-34, which also shows less than a 5% underprediction.  In each set of plots, the tool’s FEM is 
shown on the left and the ANSYS Workbench verification case is shown on the right.  It should 
be noted not only that the tool and Workbench models produce similar results, but also that 
the maximum stress (neglecting the artificially high stress at the corners) is approximately the 
yield strength of aluminum, which indicates that the second part of the optimizer is choosing 
the correct cutoff point.  Hence, the finite element routine is validated for non-monotonic 
results. 
 
 
Figure 4-33: Topological Optimization, Displacement Output 
 
Figure 4-34: Topological Optimization, Stress Output 
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4.4.5  Topological Optimization Shape Comparison 
The next test is to verify the overall topological optimization routine.  Verification is done by 
applying the same load cases to the tool and to ANSYS Workbench’s topological optimization 
utility.  When applying the same boundary conditions and using the same volume fraction 
target, similar results should be obtained, even though ANSYS’s optimization routine is likely to 
be very different from the one used by the tool. 
This test was run for two load cases.  The first set of boundary conditions is shown in Figure 
4-35, with an in-plane load applied to the middle of the plate and clamped restraints at the 
lower two corners.  The results are shown in Figure 4-36; the upper part of the figure is from 
the tool and the lower part of the figure is from ANSYS Workbench (with colors modified to 
match the output of the topological optimization routine).  This load case was chosen to be 
something close to a “standard” plate and brackets configuration, but still simple enough to be 
easily qualitatively verifiable. 
 
Figure 4-35: Topological Optimization I Boundary Conditions 
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Figure 4-36: Topological Optimization I, Element Comparison 
 
The second set of boundary conditions is shown in Figure 4-37, with an in-plane load applied to 
the center of the plate and clamped restraints at nodes in the two lower corners and midpoints 
of the two sides.  The results are shown in Figure 4-38; the upper part of the figure is from the 
tool and the lower part of the figure is from ANSYS Workbench (with colors modified to match 
the output of the topological optimization routine).  This load case was chosen to be something 
readily applicable to a plate in an outer configuration type. 
 
Figure 4-37: Topological Optimization II Boundary Conditions 
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Figure 4-38: Topological Optimization II, Element Comparison 
Since the shapes of the plates in each of these loading conditions from the topological 
optimization utility are equivalent to the shapes provided by Ansys, this validates the 
topological optimization utility as a whole. 
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Chapter 5 Verification and Performance 
 
5.1  Model Validation and Verification 
In order for any tool to be of value to the end-user, some form of validation and verification is 
necessary.  Validation and verification of the SDT is performed on two levels: module and 
system.  Module verification has been described in other portions of this thesis, namely the 
verification of the custom finite element loop used for the topological optimization and the 
topological optimization itself.  Although testing at the module level is critical, it is also 
necessary to validate the overall system to ensure that it provides obtainable, accurate results.  
This section focuses on the testing of the overall system, using a combination of beta testing by 
other users who are familiar with satellite structural design and use of the tool in case studies. 
5.1.1  Beta Testing 
The primary requirement for a tool is to ensure that the tool is user friendly for the target 
audience.  Beta testing of the Structural Design Tool was performed from the beginning of 
January 2011 through the middle of February 2011, thus allowing other users to test a largely 
functional tool, but still leave sufficient time for the author to affect any desired changes before 
completing the thesis in the beginning of May 2011. 
Two users were selected for beta testing of the tool due to their experience with structural 
design of small satellites.  The following list represents the modifications made to the tool as a 
result of input from the beta testers: 
• Change initial component placement logic so that components remain on plates during 
configuration changes. 
• Hide component text descriptors in the configuration views. 
• Add the ability to delete components (rather than simply suppressing them). 
• Show origin of the plates in the configuration view. 
• Provide warnings to "update plates" before running a simulation on previous 
parameters. 
• Add a warning for 32 bit MATLAB only prerequisite. 
• Provide further linking with FEMAP/CAD. 
• Provide warnings against an incorrect working direc
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• Clarify plate dimension/axis labels. 
• Add note of future work to extend plate placement flexibility. 
• Component placement-3 shouldn’t be editable. 
The beta testing process proved to be a highly valuable experience.  Not only was it useful for 
ensuring that other people would be able to use the tool after completion and development of 
a list of features that would be valued by others, but also served as a great way to test 
deployment of the tool on other computers and verifying the necessary prerequisites. 
  
5.1.2  Application Example I: CASTOR 
The tool was first applied to evaluate the design of Cathode/Anode satellite Thruster for Orbital 
Repositioning (CASTOR), a satellite in development in the MIT Space Systems Lab (SSL) and 
author.  The purpose of this case study is to determine if CASTOR was designed optimally or if a 
different architecture should have been chosen for it.  This trade study will be performed using 
only the information provided below, namely the constraints and the components required, in 
an attempt to limit bias. 
CASTOR’s mission is to demonstrate in LEO a nano-satellite that uses an electric thruster to 
perform orbital maneuvers representative of an orbital transfer vehicle.  It was designed 
primarily to meet the requirements of the Air Force Research Lab (AFRL)’s University 
Nanosatellite Program. The UNP requirements constrain the mass to be 50 kg, the size to be 
50x50x60cm, the first fundamental frequency to greater than 100 Hz, and the static loading 
conditions to 20 G’s in each independent direction. 
In order to fulfill the mission, the following components in Table 5-1 were mounted to the 
satellite.  It should be noted that certain components like wiring harnesses are difficult to 
represent as point masses, so should be included as plate nonstructural (or “smeared”) masses 
that are distributed across the plates.  Furthermore, only larger components are taken into 
account at this stage in the design to simplify the design process. 
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Table 5-1: Components in CASTOR 
Component Mass (kg) 
Reaction Wheel 1 0.23 
Reaction Wheel 2 0.23 
Reaction Wheel 3 0.23 
Canceling Magnet* 0.25 
Avionics Box 1 1.43 
Avionics Box 2 3.61 
Flow Control Equipment 1.50 
Thruster* 2.70 
Tank and Fuel* 3.95 
Battery Box 5.00 
Wiring Harness/Assorted** 1.50 
Solar Panel Assorted** 0.3 
 
* These components need to be mounted in the center of the satellite, which isn’t supported by 
the current version of the model; the masses are therefore distributed onto the inner portions 
of each of the plates. 
** These components are approximately smeared masses, but are represented as point masses 
in the center of plates since plate nonstructural masses aren’t currently supported in the 
model, which is conservative compared to the plate nonstructural mass assumption.  The mass 
displayed in the table represents the mass on each relevant plate. 
CASTOR, as it was independently designed and built, can be represented by the tool with design 
parameters as described in Table 5-2. 
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Table 5-2: Design Vector for Actual CASTOR 
Parameter Value 
Plates Used both 
Spokes Type cross-plate 
# Outer Sides 4 
Plate Dimensions-X 18.6 in 
Plate Dimensions-Y 22.0 in 
Plate Thickness 0.25 in 
Bracketing Edge Width 0.5 in 
Bracket A Width 1.5 in 
Bracket B Width 1.5 in 
Brackets Per Connection 3 
Plate/Bracket Material Aluminum 6061-T6 
Plate Type Manual Select 
 
Furthermore, the mass is distributed across plates in such a way that the tool can approximate 
the need for a tank in the center (which is taken as a given).  The potential architectures to be 
examined are as described in Table 5-3, with components placed in a manner that seems 
logical, just as someone designing CASTOR from scratch would do.  Two architectures (outer 
and both) were compared using different material allocation methods (normal, topological 
optimization, and isogrid).  In addition to a number of architecture arrangements, different 
plate types are examined.  Although a full design cycle would ideally involve examination of 
more alternatives than presented here (for example varying spokes type and number of outer 
sides) and more iterations of the design, a single iteration of each of a more limited set of 
designs is presented here for clarity and as an example of the design process. 
Table 5-3: Potential Architectures in CASTOR Trade Study 
ID Plates Used Spokes Type # Outer Sides Plate Type 
1 both cross-plate 4 normal 
2 both cross-plate 4 topopt 
3 outer n/a 4 normal 
4 outer n/a 4 Isogrid 
 
The locations of different components are as shown in Figure 5-1.  The left side shows the 
“outer” configuration and the right side shows the “both” configuration, with component 
placement as shown in Table 5-4.  It should be noted that the upper, flat plate (plate 6) in the 
“outer” configuration is hidden for ease of viewing.  Also, the black triangles represent the 
bracket connectors. 
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Table 5-4: Component Placement in CASTOR Trade Study 
Plate # “Outer” Configuration “Both” Configuration 
1 Solar Cells1, Harness1, Battery Box Solar Cells1 
2 Solar Cells2, Harness2, Propulsion Control Solar Cells2 
3 Solar Cells3, Harness3, Avionics Box 2 Solar Cells3 
4 Solar Cells4, Harness4, Avionics Box 1 Solar Cells4 
5 [Nothing] Harness1, Battery Box 
6 [Nothing] Harness2, Propulsion Control 
7 [N/A] Harness 3, Avionics Box 2 
8 [N/A] Harness 4, Avionics Box 1 
 
  
Figure 5-1: CASTOR Component Locations 
After inputting these architectures into the tool and running it, the results were obtained as 
shown in Table 5-5. 
Table 5-5: Results of CASTOR Trade Study 
ID Mass (kg) First Mode (Hz) Min MoS: X Min MoS: Y Min MoS: Z 
1 31.1 73.4 9.3 9.8 42.8 
2 25.7 65.4 5.3 7.2 30.2 
3 61.7 75.3 4.7 4.8 8.8 
4 54.8 70.1 1.0 1.0 2.7 
 
This trade study was performed in order to compare the merits of different potential 
configurations with representative CASTOR components.  As shown in Table 5-5, the 
configurations have similar first fundamental frequencies (despite widely different masses and 
margins of safety).  Although this was a very rough trade study and more could be done with 
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the SDT before moving onto the detailed design process, some overall statements may be made 
about the results.  Due to the similar first fundamental frequency at a much lower required 
structural mass of the “both” configuration options, the results indicate that this was the 
optimal choice (represented by configurations 1 and 2).  Furthermore, although the mode was 
decreased significantly by the topological optimization, it is expected that appropriate addition 
of stiffeners can be used to increase the mode while using less mass than was removed due to 
the topological optimization.  A Plot of the stresses is shown in the left side of Figure 5-2 and 
first fundamental modeshape of the configuration without topological optimization is shown in 
the right side of Figure 5-2. 
 
  
Figure 5-2: TopOpt Results from CASTOR “Both” Configuration 
 
One important lesson to be learned from the trade studies is the importance of engineer 
oversight of the tool: a good example of the need for human oversight is shown in Figure 5-3.  
Although the plates do not take advantage of all brackets available nor do they span each side 
(thus significantly decreasing the stiffness of the full configuration), this architecture does offer 
insight into what mass on the plates is most important.  Thus, the ability to “tune” the strength 
of the Topological Optimization routine can be valuable, which has since been implemented, as 
is described in the User’s Guide.  Tuning the strength involves changing the “cutoff level” as is 
defined and described in Section (2).  A weaker version of the second configuration in Table 5-3 
and Table 5-5 would likely be the most structurally efficient option. 
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Figure 5-3: TopOpt Results from CASTOR “Outer” Configuration 
 
5.1.3  Application Example II: TERSAT 
The tool was next applied to TERSat (Tethered Environmental Reconditioning Satellite), a 
satellite being developed in the MIT SSL that is currently in the initial design phase.  Unlike 
CASTOR, TERSat is still in the initial design phase, so exact components are still unknown.  
However, the current phase of the TERSat program is the phase in which the SDT was designed 
to be used.  Therefore, the purpose of this case study is twofold: 
• Evaluate the Structural Design Tool in its representative environment, specifically when 
it’s used during a satellite’s initial design phase. 
• Provide feedback to the TERSat team to help them in their decision-making process.  It 
should be noted that, in addition to this case study, the TERSat structures team has 
been provided with a draft of this thesis as well as the release version of the tool. 
TERSat’s mission (MIT SSL) is to test the effectiveness of radiated VLF rays of the 
Electromagnetic Ion Cyclotron (EMIC) type in releasing trapped protons from the radiation belts 
of Earth’s upper atmosphere.  It was designed primarily to meet the requirements of the AFRL’s 
University Nanosatellite Program. The UNP requirements constrain the mass to be 50 kg, the 
size to be 50x50x60cm, the first fundamental frequency to be greater than 100 Hz and static 
loading conditions to 20 G’s in each independent direction. 
The mass of each component currently necessary for the TERSat mission is listed in Table 5-6, 
which is used in the design trade study.  
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Table 5-6: Components in TERSat 
Component Mass (kg) 
Reaction Wheel 1 1.55 
Reaction Wheel 2 1.55 
Reaction Wheel 3 1.55 
Torque Rod 1 0.5 
Torque Rod 2 0.5 
Torque Rod 3 0.5 
Avionics Box 1.5 
Power Conditioning 1 
Spool/Tether 1 6.5 
Spool/Tether 2 6.5 
Battery Box 10 
Wiring Harness/Assorted** 1.50 
Solar Panel Assorted** 0.3 
 
** These components are approximately smeared masses, but are represented as point masses 
in the center of plates since smeared masses aren’t currently supported in the model.  The 
mass displayed in the table represents the mass on each relevant plate. 
The potential architectures to be examined are as described in Table 5-7.  Just as with the 
CASTOR case study, a single iteration of each of a more limited set of designs is presented here 
for clarity and as an example of the process to be taken when using the tool.  The options were 
chosen to allow primarily for a trade between the “both” and “outer” types for a 4-sided bus 
that would easily fit the UNP envelope, but also to investigate the possibility of reducing the 
mass of the structure through topological optimization. 
Table 5-7: Potential Architectures in TERSat Trade Study 
ID Plates Used Spokes Type # Outer Sides Plate Type 
1 both cross-plate 4 normal 
2 both cross-plate 4 topopt 
3 outer n/a 4 normal 
 
The locations of different components are as shown in Figure 5-4. The left side shows the 
“outer” configuration and the right side shows the “both” configuration, with component 
placement as shown in Table 5-8.  It should be noted that the upper, flat plate (plate 6) in the 
“outer” configuration is hidden for ease of viewing.  Also, the black triangles represent the 
bracket connectors. 
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Table 5-8: Component Placement in TERSat Trade Study 
Plate # “Outer” Configuration “Both” Configuration 
1 Assorted1, ACS1 Solar Cells1 
2 Assorted2, ACS2 Solar Cells2 
3 Assorted3, Power Conditioning Solar Cells3 
4 Assorted4, Avionics Box Solar Cells4 
5 Battery Box, Spool/Tether1 Assorted1, Battery Box, Power Conditioning 
6 ACS3, Spool/Tether2 Assorted2, ACS2, Spool/Tether1 
7 [N/A] Assorted3, ACS3, Avionics Box 
8 [N/A] Assorted4, ACS1, Spool/Tether2 
 
 
Figure 5-4: TERSat Component Locations 
 
After inputting these architectures into the tool and running it, the results were obtained as 
shown in Table 5-9. 
Table 5-9: Results of TERSat Trade Study 
ID Mass (kg) First Mode (Hz) Min MoS: X Min MoS: Y Min MoS: Z 
1 57.3 76.8 3.5 3.2 6.8 
2 56.5 61.6 0.9 3.3 4.5 
3 60.7 87.9 6.4 4.9 6.5 
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From these initial runs, it would appear that the “outer” configuration option (represented by 
configuration 3) is superior to the “both” options (represented by configurations 1 and 2), even 
for normal plate types, since, at a slight mass penalty, it has significantly higher factors of safety 
and a higher fundamental frequency.  A view of the stresses in this configuration is shown in 
the left side of Figure 5-5 and the first modeshape is shown on the right side of the same figure.  
A more detailed design of the “outer” configuration is suggested as the path forward.  Some of 
the upcoming work can be performed with continued use of the tool, specifically in evaluating 
different topological optimization and component placement options. 
 
  
Figure 5-5: TopOpt Results from TERSat “Outer” Configuration 
 
5.2  Model Performance 
Although computational efficiency wasn’t a primary driver in the design of the SDT, having a 
tool that is able to run different scenarios in a reasonable timeframe is important.   As such, it is 
still important that the tool be capable of providing results for an array of potential 
configurations and load cases in a “reasonable” timeframe. 
A few options have been provided to limit the amount of calculations that are performed based 
on what the user actually needs to see: 
• Selectors to specify which configurations should be run 
• Selectors to specify which load cases should be run 
• Selectors to specify whether topological optimization should be run 
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In order to provide some measure of benchmarking, a series of models were run in the version 
1.0 SDT and the runtimes are as specified in Table 5-11 when run on a machine as described by 
Table 5-10.  The values shown are for one configuration in one direction of analysis.  Solid plate 
elements with no holes were used for these baseline performance calculations. 
 
Table 5-10: Hardware Characteristics 
Specification Value 
Computer Model Lenovo Y550P 
Operating System Windows 7 Enterprise x64 
Processor Intel Core i7 
RAM 4 GB 
Video Card NVIDIA GeForce GT 240M 
 
Table 5-11: Runtime Values (times in seconds) 
Configuration Config 
Refresh 
Meshing Write 
Input 
Read 
Output 
Run 
FEM 
Runtime 
GUI 
Update 
FEM 
Update 
4 plate, 4 
comp 
1.7 7.6 3.4 5.2 9.0 4.4 0.7 
6 plate, 12 
comp 
2.2 7.0 10.3 14.4 18.5 7.3 0.9 
 
It should be noted that a few things were changed during the performance optimization 
process, which significantly decreased the runtimes.  For example: 
• The most time consuming part of the mesh creation process was found to be the 
redrawing of the mesh to the GUI.  As a result, the algorithm was changed such that 
only every fourth iteration of the meshing is plotted. 
• Creation of the colorbar legend on each plot takes a significant amount of the post-
processing update time.  In order to fix it, both the colorbar and axis calls are pulled out 
of printing loops so that they are called only once.  
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Chapter 6 Conclusion and Future Work 
 
6.1  Thesis Summary 
This thesis described the development and use of a new tool that can be used in the conceptual 
phase for small satellite structural and architectural design.  The primary purpose of the tool is 
that it can it be used to perform analysis on a wide array of satellite structures by users with 
limited satellite, structural design, and/or analysis experience. It can also propose potential 
structure architectures, integrate models of the other subsystems, and provide key property 
requirements for each architecture; some architecture properties of interest are mass 
breakdowns, moments of inertia, factors of safety, and fundamental modes.  These capabilities 
enable both the structures and systems disciplines within a satellite design project to gain 
traction much faster with respect to the structural and overall design of the satellite.  The SDT 
provides a framework for the design and analysis necessary for effective and informed trade 
studies to take place. 
A number of modules have also been created in order to support this overall design tool 
framework.  Key among these is the topological optimization framework; a non-commercial 
topological optimization tool that was able to integrate in-plane and bending loads while 
searching for a cutoff value for a given loading value which did not previously exist, but now 
does.  Furthermore, a custom pre and post processing script was written for Nastran files, 
which provides a relatively lightweight version method for writing, submitting, and viewing 
analyses in MATLAB. 
In summary, Chapter 1 presented an overview of the design problem and introduced the reader 
to the flow of the thesis.  Chapter 2 provided the necessary background to the reader on 
satellites and structural design.  Chapter 3 described the overall framework and layout of the 
tool.  Chapter 4 provided a description of the key modules developed for the thesis tool, such 
as the topological optimization utility.  Chapter 5 described the validation and verification of 
the tool and performance metrics.  Finally, the User’s Guide for the tool is provided as an 
appendix for guidance for utilization of the tool and its functionalities. 
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6.2  Contributions 
The contributions made by this thesis are as follows: 
• Developed a tool that can be used for conceptual phase structural design and analysis to 
select a structural architecture for the detailed design phase. 
• Developed a tool that is accessible to students who have little design or analysis 
experience.  The intent is that the SDT will enable more informed decisions on structural 
and system architectures for student-designed small satellites. 
• Developed a topological optimization algorithm for plates that are subjected to both in-
plane and bending loads.  Besides the standard topological optimization routine, this 
algorithm contains a new “cutoff determination” scheme that determined a material 
volume fraction that is capable of withstanding the specified loads. 
• Developed an open source pre/post-processor for NEi Nastran files that is integrated 
with the rest of the SDT. 
• Provided a User’s Guide for the tool; this User’s Guide walks the user through use of the 
tool and each of the features available. 
• Provided a concise description of the subsystems of a small satellite and on the 
framework of structural analysis in Chapter 2.  This chapter is strongly recommended to 
be used as an addendum to the User’s Guide for those who need a brief background. 
 
6.3  Future Work 
The intent of the SDT is to be useful to students and satellite designers in its current, provided 
state.  As such, it has been customized to the expected needs of this group of consumers.  
However, in the areas of advanced technologies, such as satellites, no tool will remain useful for 
long if it is not updated to keep it relevant to current problems and requirements.  Therefore, it 
is provided open source so that others may use and extend it as necessary.  If significant 
changes/extensions are made, the author would appreciate notification and dialog. 
In addition to necessary customization and updating, below is a list of extensions that would 
benefit the tool greatly: 
• Support for generalized plate placement: the current tool only allows for satellites with 
relatively specific configurations.  Although these configurations are representative of 
most small satellites, it is expected that some applications will require a more general 
framework.  Challenges for this extension are to maintain the ability to update 
bracketing, run topological optimization, and create a finite element model in a more 
generalized form. 
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• Support for stiffeners: the current tool allows for topological optimization and isogrid 
structures as a means for efficiently increasing the stiffness of the panels.  An additional 
method is strategically affixing stiffener beams to the plates.  This extension would be a 
relatively straightforward extension that would simply require GUI extension and 
addition of beam elements with appropriate contact properties to the finite element 
model.  The topological optimization routines would need to be updated accordingly. 
• Support for complex composites: the tool currently supports laminate elements in that 
it uses them to provide support for isogrid plates.  As plates made out of carbon 
fiber/aluminum honeycomb sandwich structures gain acceptance, support for sandwich 
structures and laminates could be an important addition to the tool.  At first, the carbon 
fiber facesheets could be approximated as an isotropic material, but eventually, support 
could be added for orthotropic materials, such as carbon fiber. 
• Further mesh refinement capability: currently, the tool utilizes mesh refinement to 
enhance meshing around key areas, such as holes and boundary conditions.  Further 
refinement, however, can be used in order to make the meshes even more efficient, 
such as refining lines in addition to corners. 
• Quadrilateral/Triangle mixed meshing: the meshing algorithm used for this thesis only 
supports meshing of triangular elements.  The Nastran plate elements that support 
triangular elements, however, do not behave well in bending, so models using plate 
elements would be improved by using primarily quadrilateral elements. 
• Component auto-placement routines: the current tool requires the user to input all 
component locations manually.  Ideally, the tool should be able to automatically place 
components (that the user could then modify) and/or provide the user with suggestions 
for modification of the user’s placement.  Addition of these routines would not only 
require knowledge of the constraints to which the component placement is subjected, 
but also the ability to perform automated sensitivity analyses on the structure for 
different component arrangements. 
• Support for more generalized component placement: the current tool only allows for 
components to be represented as point masses and to be placed on the side of one of 
the plates.  In reality, components sometimes require more general placement, such as 
between plates (for additional support) or mounted in the center of the satellite 
structure.  Support for components with smeared masses across plates would also be 
beneficial to represent components like wiring harnesses and solar cells. 
• Multiple load cases for topological optimization: the topological optimization routine 
currently uses a conservative “union” approach for determining where material should 
be removed in plates.  As a conservative method, its implementation does not remove 
as much material as is possible and should therefore be replaced by another method 
that is better able to evaluate the effect of multiple load cases. 
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• Support additional FEM codes: since the thesis requires a commercially provided finite 
element code, the SDT will be more distributable if it can be used with multiple types of 
finite element software.  Even better, use of a custom or open source finite element 
code would maximize the ability to distribute and utilize the SDT. 
• Ability to export geometry to CAD: since the SDT is intended for use as a first design 
iteration, it would be highly beneficial to export the results to a neutral geometry 
format, which could be imported into CAD software for further development. 
Chapter 7 Conclusion and Future Work 
 
 
 Appendix A: Structural Design User’s Guide 
 
7.1  Overview 
This section provides a description of the Structural Design Tool, what features are available, 
and how these features can be utilized. 
The SDT is written in conjunction with Ryan McLinko’s 2011 SM Thesis in the Department of 
Aeronautics and Astronautics at MIT.  The primary purpose of the SDT is to facilitate trade 
studies and initial baseline choices in the structural design of small satellites.  As such, the tool 
is designed to quickly develop a wide array of potential structural architecture options, 
customize these options to meet the particular requirements of a project, and analyze and 
compare them.  In order to keep this process simple and streamlined, the customizability is 
limited and architectures can only be designed and analyzed at a high level.  Once the SDT is 
used to determine an architecture or a set of potential architectures, traditional finite element 
tools and CAD packages should be used to develop a detailed design and verify the results 
obtained from the SDT.  As with any structural design, the work should also be backed up with 
hand calculations. 
The SDT is provided open source to enable future users to customize to meet a wider range of 
needs and add additional features.  After any customizations are made, verification against 
traditional design tools should be performed to ensure the validity of results.  If questions 
regarding the tool or difficulties in using it become apparent, the author may be contacted at 
mclinkor@gmail.com. 
The tool was developed using the following software.  Although steps have been taken to 
ensure compatibility with other versions of MATLAB and Nastran, it has been confirmed to be 
functional with only the packages below: 
• MATLAB R2010b 
• NEi Nastran v10.0 
• All m, mex files included with the installation package 
It should be noted in particular that NEi Nastran is used, which has some notably different 
syntax than the more traditional NX Nastran.  Although the tool doesn’t currently support NX 
Nastran or other FEM codes, relatively minor modifications of the “write_fem_input_file”, 
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“read_fem_output_file”, and “run_nastran_job” scripts may be made to support different 
syntax. 
The rest of this chapter will describe the interface of the tool and how it can be used. 
 
7.2  Interface Overview 
The home page of the GUI can be seen in Figure 7-1.  As can be seen, the GUI has some of the 
default properties of any MATLAB figure, specifically the zoom, pan, rotate, and cursor buttons 
in the upper left (section 1).  As will be shown shortly, many of the tabs have plots, which may 
be manipulated using these tools.  It should be noted that using the zoom tool on some figures 
can have strange results, specifically zooming in can result in increase in the size of the figure 
with respect to the figure frame (thus covering other parts of the GUI); this can be corrected by 
simply zooming back out.  Furthermore, the pop-out buttons may be used in order to create 
separate figures of any of the plots for easier viewing. 
 
Figure 7-1: GUI Overview 
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The main pane of the tool shows the versioning information, namely the author information, 
latest modification date, and release status (section 3).  Furthermore, basic usage information 
and prerequisites are provided (section 4). 
The upper row (section 2) provides a number of tabs that may be used in order to specify the 
architecture(s) and/or view results.  As described below, some tabs require user input data; 
others are optional and may be left with default values if desired.  Furthermore, in general, the 
tabs are ordered to follow the conceive->design->analyze process, so the easiest way to use the 
tool is to move from left to right. 
• Architecture: As the name implies, the purpose of this tab is to specify a list of 
architectures that are to be analyzed.  Here, architecture means the set of plates that 
are used and their respective properties (as components are placed on the next tab).  
Input on this tab is required for solution execution. 
• Components: The previous tab created a default component set (specifically a 
component in the middle of each of the non-horizontal panels), but this configuration of 
default components is certain to not be the user’s desired state.  As a result, the user 
may use this tab to add and modify components and their placement in the 
architecture.  Input on this tab is not required for solution execution, but is highly 
recommended. 
• Materials/Connectors: This tab may be used to add/update materials and specify 
parameters to be used in connector placement.  Modification of parameters in this tab 
is purely optional and is also the exception of the left->right rule since addition of new 
materials or changing of connector properties will require re-reading the architecture to 
take effect. 
• Manual Mesh Selection: This tab allows the user to specify the mesh for any plates in a 
configuration.  The default option is to allow the Topological Optimization utility to 
determine where to remove material in the plates, however, the user may also choose 
where to remove material or suppress material removal entirely.  Use of this tab is 
purely optional. 
• Simulation: This tab is the heart of the tool as it is where the parameters of the 
topological optimization and final FEM loop are specified, the analysis cases are chosen, 
analysis is run, and analysis progress is shown.  Use of this tab is required. 
• Output: This tab is the standard way to view results from the final finite element 
analysis.  It has the basic properties of any normal finite element post-processor, namely 
the ability to view stress and deformation in all directions for each load case and 
configuration run.  Since this is purely an output tab, it can be used entirely as desired. 
• Result Summary: Attempting to find the key results in the output tab and view them 
simultaneously can be difficult.  As a result, the comparison tab can be used to view the 
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key parameters of each of the configurations.  Since the primary purpose of the SDT is 
to facilitate decisions between potential architectures, this is probably the most 
important tab of the tool. 
 
7.3  Architecture Tab 
The architecture tab can be seen in Figure 7-2.  The recommended flow through this tab and 
how to use it are described below. 
 
 
Figure 7-2: Architecture Tab 
As mentioned above, the purpose of this tab is to define and customize configurations of plates 
for analysis.  The recommended flow through the tab is as described below. 
1. Architecture Choice: This selector specifies which architecture has “focus”, which means 
what configuration is currently being edited in the rest of the tab.  A number of possible 
things can happen when this selector is changed 
a. When the GUI is first launched, an initial configuration will be available, but the 
“update plates” button in step 3 will need to be pressed to save the 
configuration. 
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b. When the selector is changed to an already specified configuration, the tables, 
selectors, and figure in the rest of the tab will be changed to reflect that 
configuration. 
c. When the selector is changed to an unused configuration slot, the current 
configuration parameters remain on screen, but will not be saved to the 
configuration slot until “update plates” button in step 3 is pressed. 
2. This region is where architecture design variables may be specified.  When these 
parameters are changed, it is necessary to run “update plates” in step 3 before the 
changes will be propagated throughout the system.  It should also be noted that 
changing the “plates used” parameter” will affect the choices available for “spokes 
type”.  The options for each of the parameters are described as follows: 
a. Plates Used: This specifies the type of plate architecture.  The options available 
are (and are pictured in Figure 7-3) 
i. Outer: serves as the base for a “box-sat” design, where plates are only 
around the perimeter 
ii. Spokes: serves as the base for a “plus” design, where plates are placed 
like spokes on a wheel 
iii. Both: serves as the hybrid design, where both types of plates are used 
 
Figure 7-3: Plates Used Options 
b. Spokes Type: This specifies how spokes will be oriented with respect to the outer 
plates.  The options available are (and are pictured in Figure 7-4). 
i. N/A: this is the only choice available given the “outer” plates used option 
since no spokes are present 
ii. Mid-Plate: simply put, the spokes connect with the middle of the outer 
plates, as shown in the figure 
iii. Cross-Plate: simply put, the spokes connect with the corners of the outer 
plates, as shown in the figure. 
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Figure 7-4: Spokes Type Options 
c. Number Outer Sides: this specifies the number of outer sides to describe the 
regular polygon that defines the configuration.  Valid values are anything larger 
than 2. 
d. Number Braces: this specifies the number of stiffening braces placed in plane 
with the outer panels and/or between the spokes. 
3. This table is where the plates may be customized to suit the needs of the user.  The 
purposes and manifestations of each of the values are described below in greater detail.  
Furthermore, the units boxes above the panel show what unit system is being used.  
Units can be changed (either for editing or viewing) for any of these boxes such that 
different parameters can be used with multiple different units systems (the SDT 
backend uses metric units).  It should be noted that the backend uses SI and any 
conversions to Imperial are evident only on the GUI level.  Furthermore, values on the 
tables can be edited in real-time, but the new values will not be manifested in the 
system until the “update plates” button is pressed.  The purpose of each of these fields 
is as follows: 
a. Name (string): this is not used for any computation or differentiation within the 
backend of the GUI; it is purely for convenience of the user and the names do 
not even need to be unique. 
b. Dimensions-X (number): this value specifies the vertical dimension of the vertical 
plates.  In order to change this value, the value of the first plate must be 
modified since the value must be consistent within the configuration. 
c. Dimensions-Y (number): this value specifies the horizontal dimension of the 
vertical plates.  In order to change this value, the value of the first plate must be 
modified since the value must be consistent within the configuration. 
d. Thickness (number): this value specifies the thickness of each of the plates (of all 
plate types). 
e. Material (choice list): this list will present a choice of all materials provided in the 
“material/connection” tab. It may be plate-unique. 
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f. Print Color (string): this defines what color will be used for that plate in the plots 
and may be plate-unique.  Furthermore, it may be specified as a Matlab plot 
color or as a hex color string. 
g. Suppressed (Boolean): this specifies whether a particular plate should be used 
for architectural determination and analysis.  If it is suppressed, it is ignored 
from this point forward and bracketing to attach to it will also be suppressed. 
h. Invisible (Boolean): this specifies if the plate should be visible in the plots.  Not 
only is this visibility manifest in the plot below and in the plot on the 
“component placement” tab, but also in plots in the “output” tab. 
i. Placement (number): this set of 6 values for each plate is not editable, but simply 
provided for reference.  They specify by what Euler angles the plates must be 
rotated from the X-Y axis and by what translations are necessary in the 3d 
coordinate system to obtain the shape shown. 
4. This figure displays the current configuration, components, and bracketing, taking into 
account all parameters specified previously in the GUI. 
5. This represents the File I/O portion of the tab.  There are two buttons here: 
a. Save Current Configuration: this may be used to save the configuration that has 
“focus” to a file for later use.  This file contains all plate and component 
information as well as summary plots and is best if opened by Microsoft Excel (or 
equivalent).  Furthermore it may be loaded at a later date. 
b. Load Saved to Current Configuration: this may be used to load a configuration in 
a save file to the configuration slot that has “focus”. 
6. This table displays the configuration slot usage.  For slots that have a configuration 
stored, they will display “used”.  Otherwise, they will display “not used”. 
7. This checkbox allows the user to suppress the plate coordinate systems that are 
displayed in the architecture views.  Each plate has a coordinate system displayed at the 
plate’s local origin with arrows in each axis: 
a. Red: X axis 
b. Green: Y axis 
c. Blue: Z axis 
8. This box allows the user to view which plates are constrained to each other.  For 
example, in the spokes configuration, the thickness of the plates may not be changed 
relative to each other.  As a result, if the user selects plate 1 in the selector here, then all 
plates will be displayed in the list. 
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7.4  Components Tab 
The components tab can be seen in Figure 7-5.  The recommended flow through this tab and 
how to use it are described below. 
 
Figure 7-5: Components Tab 
 
As mentioned above, the purpose of this tab is to define and place components for analysis.  
The recommended flow through the tab is as described below. 
1. Current Configuration: this field simply specifies the configuration that has “focus” in 
the previous tab.  In order to specify components for a different configuration, the user 
must switch back to the “configuration” tab, select another configuration, then return to 
the “components” tab. 
2. This table, like the plate configuration table on the previous tab, allows the user to 
specify properties for each of the components.  Unlike the plate table in the 
configuration tab, every parameter here is editable and may be defined uniquely from 
other components.  In order to add components, use the “add component” button, 
which will clone the first component, which is then editable. 
a. Name (string): this is not used for any computation or differentiation within the 
backend of the GUI; it is purely for convenience of the user and the names do 
not even need to be unique. 
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b. Mass (number): this specifies the mass of the component.  It should be noted 
that the components are assumed to be point masses (no moment of inertia) 
and the mass is concentrated at the center of the physical component (so the 
mass is offset from the plate surface to provide realistic bending moments due 
to accelerations). 
c. Dimensions-X (number): this value specifies the vertical dimension of the 
component (on a vertical plate).  This value is in the plate’s coordinate system. 
d. Dimensions-Y (number): this value specifies the horizontal dimension of the 
component (on a vertical plate).  This value is in the plate’s coordinate system. 
e. Dimensions-Z (number): this value specifies the dimension from the 
corresponding plate.  This value is in the plate’s coordinate system. 
f. Print Color (string): this defines what color will be used for that plate in the plots 
and may be plate-unique.  Furthermore, it may be specified as a Matlab plot 
color or as a hex color string. 
g. Suppressed (Boolean): this specifies whether a particular plate should be used 
for analysis.  If it is suppressed, it is ignored from this point forward. 
h. Invisible (Boolean): this specifies if the component should be visible in the plots.  
This is this visibility manifest in the plot below and in the plot on the 
“architecture” tab. 
i. Plate (Integer): this specifies to which plate the component is attached. 
j. Placement-Side (Boolean): this specifies on which side of the plate the 
component is attached.  Side 1 represents the “outer” face for “outer” plates 
and the “clockwise” direction for “spokes” plates. 
k. Placement-1, 2, and 3: this specifies the position of the component on the plate 
in the plate’s coordinate system.  Furthermore, 1, 2, and 3 directions correspond 
directly to the X, Y, and Z directions. 
l. Rotation-1, 2, and 3: this specifies the local rotations of the components in the 
plate’s coordinate system. 
3. This figure displays the current configuration, components, and bracketing, taking into 
account all parameters specified previously in the GUI. 
4. This checkbox allows the user to suppress the text labels that are placed on top of each 
component in the architecture views. 
5. Pressing this button centers components on each of their plates.  If one component is 
on a particular plate, it will be centered.  If multiple components are on a plate, then 
they will all be centered in the vertical direction and equally spaced in the horizontal 
direction.  The purpose of this feature is to provide an initial placement for the 
components such that the user can more easily move them into the desired positions. 
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7.5  Materials/Connectors Tab 
The materials/connectors tab can be seen in Figure 7-6.  The recommended flow through this 
tab and how to use it are described below. 
 
Figure 7-6: Materials/Connectors Tab 
As mentioned above, the purpose of this tab is to define and edit materials and to define and 
edit connector parameters.  The recommended flow through the tab is as described below. 
1. This table, like the plate and component definition tables, allows for modification and 
addition of rows.  Materials may be added to the database using the “add materials 
button.  The specifications of each of the parameters are as follows: 
a. Name (string): this is not used for any computation or differentiation within the 
backend of the GUI; it is used primarily for differentiation in the plate 
configuration table and component material specification in step 2 of this tab. 
b. Density (number): this specifies the density of the isotropic material. 
c. Young’s Modulus (number): this specifies the modulus of elasticity of the 
isotropic material. 
d. Poisson Ratio (number): this specifies the Poisson ratio of the isotropic material. 
e. In-Plane Strength (number): this specifies the tensile/compressive strength of 
the material.  Since isotropic materials have similar tensile and compressive 
strengths, simply input the lower of the two values here 
f. Bending Strength (number): this specifies the bending strength of the material. 
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g. Required Margin (number): this specifies an internal additional margin to be 
used for topological optimization and margin of safety calculations. 
2. This section allows for specification of the properties of the connectors used to connect 
plates. 
a. Brackets per Connection (integer): this specifies the number of connectors that 
are used in each “connection” (i.e. interface between two plates). 
b. Bracketing Edge Width (number): this specifies the spacing between plates, as 
shown in Figure 7-7. 
 
Figure 7-7: Bracketing Edge Diagram 
c. Bracket “a” Width (number): this specifies the dimension of the triangular 
bracket in the dimension parallel to the first plate. 
d. Bracket “b” Width (number): this specifies the dimension of the triangular 
bracket in the dimension parallel to the second plate. 
e. Bracket Material (choice list): this specifies the material to be used for each of 
the brackets 
3. Bracket Thickness Output: this section displays the calculated thickness of each of the 
bracket types. 
4. This section specifies the parameters of an isogrid, assuming that an isogrid plate type is 
specified in the next panel.  Since there is only space for entering one set of isogrid 
parameters, only one type of isogrid may be used in a configuration. 
a. Center-Center Distance: this specifies the distance between center points of the 
isogrid ribs, as delineated by h in the figure in the GUI. 
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b. Facesheet Width: this parameter should remain at 0 since the facesheet extends 
the full width of the plate. 
c. Facesheet Height: this parameter represents the height, or thickness, of the 
facesheet (at the bottom of the cross-section figure). 
d. Rib Width: this parameter specifies the b2 dimension, as shown in the figure in 
the GUI. 
e. Rib Height: this parameter specifies the height, or thickness, associated with the 
rib width. 
f. Flange Width: this parameter specifies the b1 dimension, as shown in the figure 
in the GUI. 
g. Flange Height: this parameter specifies the height, or thickness, associated with 
the flange width (at the top of the cross-section). 
 
7.6  Manual Mesh Tab 
The manual mesh tab can be seen in Figure 7-8.  The recommended flow through this tab and 
how to use it are described below. 
 
Figure 7-8: Manual Mesh Tab 
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As mentioned above, the purpose of this tab is to specify the material location parameters for 
each of the plates.  The recommended flow through the tab is as described below. 
1. This first set of fields specifies the number of elements to be used in the definition of 
the plate’s material locations.  It should be noted that the FEM mesh size is independent 
of these values. 
a. Number Elements X (integer): specifies the number of elements in the vertical 
direction (for a vertical plate). 
b. Number Elements Y (integer): specifies the number of elements in the horizontal 
direction (for a vertical plate). 
2. This field allows for specification of manual material location definition.  As such, it 
allows the user to specify where on the plate material should be allocated versus where 
holes should exist.  The selector allows the user to choose which plate has “focus” and 
the table shows the grid of the plate.  The grid is of Boolean values where a 1 indicates 
that material exists there and a 0 indicates where a hole is present. 
3. This table provides information regarding what material location method will be used 
for each plate.  The table lists all plates in the configuration that currently has “focus” as 
specified in the “architecture” tab.   
a. The “plate type” column is editable with the following options: 
i. TopOpt: This is option indicates that the topological optimization routine 
will be run on that plate to determine the optimal removal of materials 
provided the loading conditions and restraints. 
ii. Manual: This option indicates that the mesh specified in option 2 will be 
used for analysis. 
iii. None: This is the default option and indicates that mesh specification will 
not be used and full plates will be used in analysis. 
iv. Isogrid: This option utilizes the isogrid parameters in the previous tab to 
assign isogrid parameters to the plates 
b. The “element type” column is editable with the following options: 
i. Solid: This assigns solid elements to the plates.  It is usable with any of 
the “plate type” options except for “isogrid”. 
ii. Shell: This assigns plate elements to the plates.  It is usable with any of 
the “plate type” options.  For any of the options for which either 
“element type” option may be used, it is recommended to use “solid” 
since the associated Nastran finite elements behave better in bending, 
albeit being less computationally efficient. 
iii. Manual Provided: This specifies whether a manual mesh has been 
provided for each of the plates. 
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4. This plot shows all plates in the global frame with their grids, indicating the specified 
material location parameters for each plate. 
 
7.7  Simulation Tab 
The simulation tab can be seen in Figure 7-9.  The recommended flow through this tab and how 
to use it are described below. 
 
Figure 7-9: Simulation Tab 
As mentioned above, the purpose of this tab is to specify simulation parameters and run cases, 
and display status of the simulation.  The recommended flow through the tab is as described 
below. 
1. This field allows for specification of the loading condition requirements.  These loading 
conditions will be used for topological optimization and the final FEM run. 
a. Acceleration-X, Y, Z: These fields allow the acceleration to be specified in the 
global coordinate system with units in G’s. 
b. Min Mode: This field specifies the fundamental frequency required for the 
spacecraft.  This value isn’t used for any of the analysis, but is used in the 
calculation of margins on the summary tab. 
2. This field allows for specification of restraint boundary conditions.  Since the primary 
means of launching small satellites is using an ESPA ring, this is the currently supported 
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means of restraint on the bottom of the configuration.  The diameter of the ring, 
however, may be updated as desired.  Once a diameter is specified, the tool will select 
with nodes that are closest to the ring and restrain those using a clamped condition for 
analysis. 
3. This field allows the user to specify the filename to be used for all analysis files.  
Additional information will be added, such as configuration number and current load 
case, but this serves as the basic header.  The “Run Simulation” button should be 
pressed once load cases and configurations have been specified 
4. This set of checkboxes allows for the desired load cases run to be specified.  Only these 
cases will be analyzed using the final FEM loop. 
5. This set of checkboxes allows for certain diagnostic flags to be set, primarily for testing 
purposes: 
a. Suppress TopOpt: suppresses all material placement functionality and defaults 
all plates to the “Plate Type=All” option in the “Manual Mesh Selection” tab. 
b. Set Test Flag: this terminates the run during the topological optimization routine 
and plots the results of the custom FEM loop for validation and verification 
purposes. 
6. This set of checkboxes allows the user to specify which configuration slots should be put 
through analysis. 
7. This plot shows the current topological optimization being performed and the status box 
shows on which topological optimization routine out of the total number is currently 
being run.  When topological optimization has been completed, this plot shows the 
results of all topological optimization in the global frame 
8. This plot shows the current meshing being performed and the status box shows on 
which mesh creation out of the total number of bodies to be meshed is being run.  
When meshing has been completed, this plot shows the results of all meshing in the 
global frame. 
9. This section shows the overall status of the simulation 
a. FEM Status: this section shows which load case is currently being run out of how 
many and what the status is: 
i. Write Input File: the Nastran input file is being written. 
ii. Run Job: the job has been submitted to NEi Nastran and is running.  If this 
status hangs, then either Nastran has failed or the license server couldn’t 
be reached. 
iii. Read Output File: the Nastran output file is being read into Matlab. 
iv. Completed: all runs have been completed and results may be read 
b. Configuration Status: this section shows which configuration is currently being 
processed out of how many configurations were selected to be analyzed. 
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10. This section provides input for constraint and connection pinball sizes, where a pinball is 
a spherical region within which all nodes are selected, as shown in Figure 7-10. 
a. Global Restraint: specifies the pinball radius for the locations of global restraints 
at the Lightband. 
b. Component Attach: specifies the pinball radius for attaching RBEs to the plates 
from mass elements. 
 
Figure 7-10: Pinball Radius Cartoon 
11. Mesh Seed Size 
a. Bracket Seed: specifies the target length for each element on brackets. 
b. No-Holes Plate Seed: specifies the target length for each element on plates that 
don’t have holes. 
c. Holes Plate Seed: specifies the target length for each element on plates that do 
have holes. 
12. This region allows the user to specify the strength of the topological optimization utility 
as an override to the default values.  It should be noted that this should be used with 
caution since this overrides the second loop where the “cutoff” location is determined 
from stress levels.  Furthermore, if the strength is set to be too high, then geometries 
without load paths could also result. 
a. Selector: the selector is used to determine for which configuration the strength 
is being set.  One strength value may be set for each configuration in the system. 
b. Value Field: this field is used to specify the value of the strength. 
i. The value should be set to “-1” if the tool-chosen strength value is to be 
used, which is the default value. 
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ii. The value should be set to a number between 0 and 1 to trim the 
strength for a user-specified case.  It should be noted that smaller values 
(closer to 0) will result in more aggressive mass removal. 
c. Set Strength: This button sets the value that is displayed in the previous field to 
the configuration in the backend. 
 
7.8  Output Tab 
The output tab can be seen in Figure 7-11.  The recommended flow through this tab and how to 
use it are described below. 
 
Figure 7-11: Output Tab 
As mentioned above, the purpose of this tab is to display outputs from the final FEM loop.  The 
recommended flow through the tab is as described below. 
1. This field allows for selection of outputs to view. 
a. Configuration Choice: specifies which configuration should be provided 
b. Load Case Direction: specifies which load case show be provided 
2. This plot displays the stresses in all elements of the current configuration for the current 
load case.  The selector allows the user to specify which stress type is desired: 
a. Von-Mises: is the primary value used for multi-axial loading conditions for 
metallic materials. 
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b. Normal-i: represents the magnitude of the stress that is in the element’s normal 
direction. 
c. Shear-i: represents the magnitude of the stress that is in the element’s shear 
direction. 
d. Principal-i:  represents the stress in the element rotated in such a way that the 
stresses have no shear component. 
3. This plot displays the displacements for all nodes of the current configuration for the 
current load case.  The selector allows the user to specify which output direction to 
display. 
4. This plot displays the modeshape of the selected mode by displaying the positions of all 
the nodes. 
5. This represents the File I/O portion of the tab.  There are two buttons here: 
a. Save Current Results: this may be used to save the results of the configuration 
that has “focus” to a file for use later.  This file contains FEM information, a 
summary of the results, and links to the Nastran output files and is best if 
opened by Microsoft Excel (or equivalent). 
b. Load to Current Results: this may be used to load results from a previously 
created file to the current results view. 
6. This field displays key summary values of the current configuration and load case: 
a. Overall Mass: mass of plates, components, and bracketing 
b. Max Stress: maximum stress in all plates and bracketing elements 
c. Max Displacement: maximum displacement in all plate and bracketing nodes 
7. This field displays the first three fundamental modes of the architecture in Hertz. 
8. This field displays the moment of inertia matrix of the configuration that has “focus”. 
9. These fields allow the user to modify how a particular plot is shown.  The default case 
simply applied a contour to each of the elements (for stress) or nodes (for 
displacement).  If the left selector is changed from “contour” to “cutoff”, then the plots 
will be shown in a binary mode where any values above the value in the cutoff field are 
shown as red and any values below are shown in blue.  If the plot shows green 
elements, then the value is out of range and should be checked.  As with all other value 
input fields, unit selections may be made for the user’s convenience. 
10. Assuming that FEMAP is installed on the user’s machine, this button will allow the user 
to launch the latest model in FEMAP for more detailed viewing of the model and results. 
11. Toggling this field allows the user to see the components superimposed onto the output 
mesh in the views of this tab. 
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7.9  Result Summary Tab 
The result summary tab can be seen in Figure 7-12.  The recommended flow through this tab 
and how to use it are described below. 
 
Figure 7-12: Result Summary Tab 
As mentioned above, the purpose of this tab is to summarize the outputs from the final FEM 
loop.  The recommended flow through the tab is as described below. 
1. This table summarizes the key properties of all configurations that have been run.  The 
properties that are displayed are as follows: 
a. Name: this is the name as specified when defining the architecture.  It is purely 
for convenience of the user and the names do not even need to be unique. 
b. Template: this string provides overall details regarding the configuration that 
was chosen; it mentions in text the values of plates used, spokes type, number 
outer sides, and number braces. 
c. Mass: this provides the summary mass of all plates, components, and bracketing 
d. First Mode: this provides the first fundamental mode of the architecture in 
Hertz. 
e. Min MoS X, Y, and Z Direction: this provides the minimum margin of safety, as 
calculated by [22], from static analysis in each of the three directions.  For 
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convenience, these values are colored (red, orange, green) depending on if the 
values fail to satisfy requirements, marginally satisfy requirements, or well 
satisfy requirements, respectively. 
   	
  1  [22] 
 
2. This section allows the user to view different configurations side-by-side for review.  The 
purpose of this section is purely for convenience to avoiding requiring the user to return 
to the “architecture” tab and select between configurations in order to compare them.  
For this same reason, two plots are provided so that two configurations may be 
compared easily side-by-side. 
3. This represents the File I/O portion of the tab.  The “Save Summary” button exports the 
configuration comparison table to an Excel file and exports plots of each of the relevant 
configurations. 
 
7.10  Functional Map 
As mentioned several times now, this code is provided open source to allow future users to 
customize and enhance the code.  To enable this transfer, this section provides an overview of 
the backend of the tool and an introduction to the file-structure and documentation. 
In addition to the descriptions provided in this thesis, a few references are provided to support 
the user in modifying the code: 
• Each file begins with a standard header to describe its purpose.  Furthermore, for 
functions it describes what each of the inputs and outputs are as well as what data 
types they need to be.  For each class file, descriptions of each of the methods are 
provided along with descriptions of the purpose and data type of each of the properties. 
• A documented code folder is provided along with the thesis installation in the “doc” 
directory.  In addition to the comments that are provided in the function and script files 
themselves, this set of documentation describes how each of the functions and scripts 
are linked together and what the purpose of each is. 
• The documented code directory also provides a functional map that traces the 
dependencies of the entire code structure.  Since the design tool consists of a large 
number of files, this allows the user to pinpoint exactly where a particular file or 
function is located and when it is called.  Although the full dependency graph is too 
large to show here, a representative portion of it is shown in Figure 7-13.  This map 
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shows the top level of the design tool’s main run function (“struct_run” in the figure).  
This function is called from the GUI (the arrow from the right) and then calls a number 
of files, including the meshing utility, the text updating functions, and the utility to write 
the FEM input files.  Inside the documented chart, the user may click on each of the 
bubbles to easily gain more information about that particular file. 
 
 
Figure 7-13: Portion of Functional Map 
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